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ABSTRACT
The purpose of this research was to determine the effects of dietary 
betaine in swine and poultry under conditions that may benefit the swine and 
poultry industries. In finishing pigs, one experiment was conducted to determine 
the effect of dietary betaine level on growth, carcass traits, and pork quality. 
Another experiment evaluated the interactive effects of betaine, pen spacing, 
and slaughter handling method. In weanling pigs, five experiments were 
conducted to determine the interactive effects of betaine and Zn, or to determine 
if betaine can replace a portion of the methionine requirement. In poultry, two 
experiments were conducted to determine if betaine affects energy utilization. 
Betaine did not have a consistent effect on growth or carcass traits in finishing 
pigs, but 0.25% betaine improved carcass leanness in one of two experiments. 
Betaine did not improve growth or carcass traits of pigs subjected to inadequate 
pen space. The pH of pork was increased and drip loss was decreased in pigs 
fed betaine. In weanling pigs, betaine improved growth performance in the 
presence of excess Zn, but it decreased performance in the absence of excess 
Zn. This effect was most pronounced during the first 2 wk post-weaning. 
However, in weanling pigs, betaine did not replace a portion of the methionine 
requirement. Betaine did increase average daily gain (ADG) of pigs fed 
methionine-deficient diets, but the increase in ADG was due to betaine 
stimulating average daily feed intake (ADFI). Thus, pigs fed betaine in 
methionine-deficient diets consumed similar amounts of total sulfur amino acids 
compared with pigs fed methionine-supplemented diets. In chickens, the effects
viii
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of betaine on energy utilization were inconsistent. In one experiment, betaine 
decreased ADG and ADFI in chicks from 0 to 21 d post-hatching. However, in a 
similar experiment, betaine decreased energy intake and increased the amount 
of weight gain per unit of energy consumed. Thus, in chickens, the effect of 
betaine in improving energy utilization was minimal and inconsistent.
ix
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CHAPTER 1 
LITERATURE REVIEW 
Introduction
The swine and poultry industries continue to seek ways to manipulate diet 
composition to improve animal performance. Dietary additives that may improve 
growth performance, carcass composition, or meat quality in a positive or cost 
effective manner would be welcomed by either industry. The focus of this review 
will be on the dietary additive, betaine. This review will concentrate on betaine 
from a general and biochemical standpoint, then review pertinent literature 
concerning the effects of betaine in swine, poultry, horses, ruminants, fish, 
humans, and other selected species.
Betaine [trimethyl glycine (TMG) or glycine betaine] has a molecular 
weight of 117.15. Table 1.1 lists some of the common animal feed ingredients 
and their respective concentration of betaine. Betaine, as a feed additive, can 
be in the anhydrous, monohydrate, or hydrochloride forms. Currently in the feed 
industry, betaine is commonly available in the anhydrous and hydrochloride 
forms. Betaine is a zwitterionic quaternary N compound consisting of glycine 
with three methyl groups attached to the N atom (Figure 1.1). It is hygroscopic 
and readily soluble in water.
Betaine is one of a small number of substances (such as S- 
adenosylmethionine; SAM) that is capable of donating methyl groups to other 
substances (Metzler, 1977). In vivo, betaine formation occurs as a result of
1
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choline oxidation by choline oxidase to result in betaine aldehyde, which is 
further oxidized to form betaine (Barak and Tuma, 1983).
Table 1.1. Content of betaine in common ingredients*
Ingredient Betaine content, mq/kq
Corn ND
Soybean meal ND
Milo ND
Fish meal 400
Meat meal 190
Canola meal ND
Rice ND
Oats 590
Barley 730
Wheat, ground 1,400
Wheat bran 2,675
Wheat middlings 2,675
a Adapted from Kidd et a!., 1997; ND = below detection limit of 150 mg/kg.
Betaine is best known for its role in the transmethylation pathway (Figure 
1.2), which has the primary purpose of the formation of SAM from methionine; 
SAM then contributes methyl donors to the “methyl pool”. Methionine has three 
basic functions: 1) utilization for protein synthesis, 2) conversion to SAM as a 
source of methyl groups, or 3) further conversion of SAM to cystathionine, 
cysteine, or derivatives of cysteine (Finkelstein and Mudd, 1967). Once SAM 
donates a methyl group, it forms S-adenosylhomocysteine, which is 
subsequently converted to homocysteine. Homocysteine then has basically one 
of two fates: 1) conversion to cysteine or 2) remethylation to form methionine 
(Finkelstein and Mudd, 1967). Homocysteine is remethylated to methionine by 
either the tetrahydrofolate or betaine pathway. Finkelstein and Martin (1984) 
indicated that 27% of homocysteine was remethylated via the betaine pathway, 
27% was remethylated via the tetrahydrofolate pathway, and the remaining 46%
2
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went to cysteine synthesis. This result indicates that neither pathway was 
dominant for remethylation of homocysteine to methionine within the 
experimental design used.
o  c h 3
W  I
C — CH,—N +— CH,
/  I
-O c h 3
Figure 1.1 . Molecular structure of betaine
In the betaine pathway, betaine donates a methyl group to homocysteine 
to form methionine (Orten and Neuhaus, 1982). The enzyme responsible for this 
reaction is betaine-homocysteine methyltransferase (BHMT). In this methylation 
reaction, betaine is demethylated to form dimethylglycine. Although two methyl 
groups remain attached to the N atom, they are not viable for methylation
functions. One of the remaining methyl groups is removed to form formic acid
and sarcosine (methylglycine); the remaining methyl group, in sarcosine, is 
removed to form formic acid and glycine. Thus, the metabolic by-products of 
betaine metabolism, dimethylglycine and sarcosine, are not methylating 
reagents (Metzler, 1977).
In the tetrahydrofolate pathway, N5-methyl-tetrahydrofo!ate donates a 
methyl group to homocysteine to form methionine. This reaction is folate-vitamin
3
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B12 dependent and requires the enzyme methionine synthase (Emmert et at., 
1996).
Choline— ► Betaine aldehyde— ► Betaine 
Methionine <------------------
T
S- Adenosy methionine
CH, i
Dimethylglycine 
1 
CH3 Glycine 
Serine
S-Adenosylhomocysteine— ► Homocysteine
Methyl pool
I
Cystathionine— ► Cysteine
Figure 1.2. Transmethylation pathway including the betaine pathway
The aforementioned "methyl pool" in animals can be affected by many 
factors. They include dietary deficiencies of vitamin B12, folic acid, methionine 
(protein), or choline, and dietary excesses of protein or fat (Bach, 1952; Pesti et 
al., 1981; Webel, 1994). Some important methylated derivatives include choline, 
creatine, carnitine, DNA, tRNA, and epinephrine (Orten and Neuhaus, 1982). 
Some of these methylated compounds, choline and carnitine, are involved in 
lipid metabolism.
Choline deficiency has been associated with the accumulation of fat in the 
liver (Canty and Zeisel, 1994). Choline is a metabolic precursor for lecithin.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thus, the accumulation of fat is probably due to decreased lecithin, which is 
required for lipoprotein synthesis and the export of hepatic triglycerides (Canty 
and Zeisel, 1994). Carnitine is involved in the transportation of nonesterified 
fatty acids (NEFA) into the mitochondria, where they are degraded via 3- 
oxidation (Mayes, 1996). Carnitine deficiency in the presence of increased 
levels of NEFA results in impaired fatty acid oxidation and ketogenesis; signs of 
carnitine deficiency include lipid accumulation and muscle weakness (Mayes,
1996). Thus, depending on nutritional status, the "methyl pool" performs a vital 
role in fat metabolism.
Pigs
The earliest research with betaine in pigs was addition of betaine to a 
com-soybean meal diet fortified with vitamins and minerals for weanling pigs; 
growth performance was not affected by betaine (Dyer and Krider, 1950). 
Weigand and Kirchgessner (1981) conducted a conventional balance trial with 
vinasse (condensed molasses solubles), which contained 2.25% betaine. They 
reported that 11 % of the N balance was contributed by N from betaine in the 
vinasse.
Some research has focused on the ability of betaine to spare methionine. 
Alaviuhkola and Suomi (1990) reported that betaine did not spare methionine. 
Kitt et al. (2000) also reported no effect of betaine in replacing methionine; 
however, they indicated that all of the dietary methionine levels used were above 
the requirement. Thus, the methionine sparing effects of betaine could not be 
determined. Campbell et al. (1995) reported that betaine could replace the
5
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portion of methionine used for functions other than protein synthesis. Emmert et 
al. (1998) reported that gaimfeed was not improved in pigs fed betaine in a diet 
marginally deficient in methionine.
Research has indicated that BHMT, the enzyme responsible for 
remethylating homocysteine via betaine, was present in both porcine liver and 
kidney tissue; however, the enzyme was not present in the pancreas, brain, 
heart, lung, or spleen (Sunden e ta i, 1997). Reports also have indicated that 
BHMT is elevated in both the liver and kidney of pigs in response to betaine 
addition to a methionine-deficient diet, but it was indicated that this increase may 
not be of physiological importance (Emmert et al., 1998).
Research has been conducted to evaluate growth performance of 
weanling pigs fed betaine. Virtanen (1992) reported that 0.20% betaine 
increased average daily gain (ADG) and average daily feed intake (ADFI) of 
weanling pigs during the first 2 wk post-weaning. However, Shurson et al.
(1994) reported no improvement in growth performance of weanling pigs fed 
0.10% betaine. LeMieux (1996) reported that ADG of pigs fed 0.10% betaine 
was similar to that of pigs fed 3,000 ppm excess zinc during the first week post- 
weaning; however, no interactions between zinc and betaine were observed. 
LeMieux (1996) also reported that when betaine was fed in combination with 
chromium, growth performance was decreased.
Limited research has evaluated the effects of dietary betaine on sow 
performance. Campbell et al. (1997a) reported that betaine had no effect on
6
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sow ADFI or pig growth rate during lactation, but the number of pigs born alive 
was increased in sows fed betaine in parities two through four.
Considerable research has evaluated the effect of betaine on growth 
performance and carcass traits of growing-finishing pigs, and some research has 
evaluated the effect of betaine on pork quality and serum metabolites of 
growing-finishing pigs.
Betaine has been reported to increase ADG in pigs (Smith et al., 1995; 
Hall et al., 1997; Campbell et al., 1997b; ZiRong and Jie, 1999; ZiRong et a!., 
1999; YiZhen and ZiRong, 1999). However, other reports have indicated that 
betaine does not affect ADG (Cadogan etal., 1993; Shurson eta!., 1994; Smith 
et al., 1994; Cera and Schinckel, 1995; Matthews etal., 1998; Kitt etal., 1999; 
Overland et al., 1999). Webel (1994) reported that ADG tended to increase in 
barrows but not gilts fed betaine. However, YiZhen and ZiRong (1999) reported 
that ADG was increased in both barrows and gilts fed betaine. Haydon et al.
(1995) reported that ADG was increased in pigs fed betaine in low- lysinexalorie 
diets but decreased in pigs fed betaine in high-lysine:calorie diets. In contrast, 
Lawrence et al. (1995) reported that ADG was increased in pigs fed betaine in 
diets containing 0.85% lysine but decreased in pigs fed betaine in diets 
containing 0.70% lysine. Haydon et al. (1995) reported that pigs fed betaine in 
low-energy diets had decreased ADG, but pigs fed betaine in high-energy diets 
had increased ADG. However, betaine has been reported to increase ADG of 
pigs fed low-energy diets but have no effect on ADG of pigs fed normal energy 
diets (Cromwell et al., 1999). Betaine also has been reported to increase ADG
7
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of pigs fed 80% of ad libitum but not affect ADG of pigs provided feed on an ad 
libitum basis (Casarin etal., 1997).
Matthews et al. (1998) reported that ADFI tended to decrease in pigs fed 
betaine. Other reports indicate that betaine has no effect on ADFI (Smith et al., 
1994; Shurson etal., 1994; Webel, 1994; Lawrence etal., 1995; Casarin etal., 
1997; ZiRong and Jie, 1999; Overland et al., 1999; and Kitt et al., 1999).
Betaine has been reported to decrease ADFI of gilts but not barrows (Haydon et 
al., 1995; Cera and Schinckel, 1995). Haydon etal. (1995) reported that ADFI 
was increased in pigs fed betaine in low-lysine:calorie diets but decreased in 
pigs fed betaine in high-lysine:calorie diets. Haydon etal. (1995) further 
reported that betaine increased ADFI in pigs fed high-energy diets but 
decreased ADFI in pigs fed low-energy diets.
Betaine has been reported to improve feed efficiency in gilts but not 
barrows (Haydon etal., 1995; Cera and Schinckel, 1995). However, Casarin et 
al. (1997) reported that feed efficiency was improved in both barrows and gilts. 
Others have reported that betaine improved feed efficiency in pigs fed reduced- 
energy diets (Campbell etal., 1997b; Cromwell etal., 1999). Hall etal. (1997) 
reported that feed efficiency was improved in pigs fed betaine for at least 38 d. 
However, many reports have indicated that betaine has no effect on feed 
efficiency (Cadogan etal., 1993; Shurson et al., 1994; Smith et al., 1994; Webel, 
1994; Lawrence et al., 1995; Smith etal., 1995; Matthews et al., 1998; Kitt etal., 
1999; 0verland etal., 1999; ZiRong and Jie, 1999).
8
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Betaine has been reported to increase loin muscle area and depth and 
carcass leanness (Haydon etal., 1995; Smith etal., 1995; Casarin etal., 1997; 
Cromwell etal., 1999; YiZhen and ZiRong, 1999). Casarin etal. (1997) reported 
that the increase in leanness of pigs fed betaine was more pronounced in gilts. 
Kitt et al. (1999) reported that betaine increased lean gain in crowded pigs but 
not in non-crowded pigs. Betaine also has been reported to decrease backfat 
thickness (Cadogan etal., 1993; Shurson etal., 1994; Casarin etal., 1997; 
YiZhen and ZiRong, 1999). Lawrence etal. (1995) reported that betaine 
decreased backfat thickness in barrows but not gilts. Matthews et al. (1998) 
reported that betaine tended to increase fatness in pigs fed high-energy diets 
but not low-energy diets. In contrast, Campbell et al. (1997b) reported that 
betaine increased fat deposition in pigs fed on an ad libitum basis or at energy 
levels less than ad libitum. Matthews et al. (1998) reported that dressing 
percentage and carcass length were increased in pigs fed betaine.
Furthermore, Kitt eta l. (1999) reported that shoulder weight was increased in 
pigs fed betaine. Reports, however, have indicated that betaine does not affect 
carcass traits (Smith etal., 1994; Webel, 1994; Cera and Schinckel, 1995; Hall 
etal., 1997; Overland etal., 1999).
Research has evaluated the effect of betaine on plasma (or serum) 
constituents (Matthews etal., 1998; Overland etal., 1999; Kitt etal., 1999; 
ZiRong and Jie, 1999; ZiRong etal., 1999; YiZhen and ZiRong, 1999). Betaine 
has been reported to decrease serum urea N (Matthews et al., 1998; ZiRong and 
Jie, 1999; ZiRong etal., 1999), but Kitt etal. (1999) reported that betaine did not
9
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affect urea N. Betaine also has been reported to increase GH (ZiRong and Jie, 
1999; ZiRong et al., 1999; YiZhen and ZiRong, 1999), and IGF-1 (ZiRong etal., 
1999; YiZhen and ZiRong, 1999) concentrations. ZiRong etal. (1999) reported 
that serum total protein concentration was increased in pigs fed betaine, and 
Matthews eta l. (1998) reported that betaine increased serum total protein in 
pigs fed low-energy diets. Betaine has been reported to have no effect on 
serum or plasma NEFA or cholesterol (Matthews et al., 1998; Overland et al., 
1999) or plasma triglyceride concentrations (Overland et al., 1999). ZiRong et 
al. (1999) reported that T3, T4, and free serine concentrations were increased in 
pigs fed betaine. Betaine also has been reported to increase free carnitine, 
acid-insoluble carnitine, and free:insoluble carnitine in muscle tissue, and free 
carnitine in liver tissue (ZiRong and Jie, 1999; YiZhen and ZiRong, 1999). 
Betaine also has been reported to increase RNA and RNA.DNA in loin muscle of 
pigs (ZiRong and Jie, 1999; ZiRong et al., 1999).
Limited research has assessed the effects of betaine on pork quality. 
Overland et al. (1999) reported that betaine did not affect sensory quality of pork 
(odor, flavor, color, or texture). Matthews et al. (1998) reported that subjective 
color score was decreased (paler) in pigs fed betaine, but marbling and 
firmness-wetness were not affected.
Poultry
Betaine as a source of methyl groups has been studied extensively in 
poultry. Betaine has been reported to replace a portion of the choline or 
methionine requirement in diets of chicks (Almquist and Grau, 1944; McKittrick,
10
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1947; Pesti etal., 1979; Lowry etal., 1987; Firman and Remus, 1999; Garcia et 
al., 1999a; Garcia etal., 1999b; Yadalam etal., 1999). Pesti eta l. (1979) 
reported that betaine and methionine provided a similar response in chicks fed a 
methionine-deficient diet, but turkey poults fed betaine did not grow as well as 
poults fed methionine in a methionine-deficient diet. Pesti et al. (1981) indicated 
that the preformed methyl group requirement of chicks may be increased when 
excesses of dietary N are fed, and they reported that betaine alleviated the 
growth depressing effects of excessive dietary glutamic acid. Similarly, Lowry 
and Baker (1987) reported that ethionine (the ethyl analog of methionine) toxicity 
was alleviated with either betaine or choline. However, Hafez et al. (1978) 
reported that dietary betaine alleviated the effects of homocysteine toxicity but 
not methionine toxicity. Baker and Czarnecki (1985) reported that betaine 
enhanced the conversion of homocysteine to methionine in chicks fed high 
levels of homocysteine. Similarly, Stekol et al. (1953) reported that the labile 
methyl group of betaine was incorporated into creatine in chicks fed a 
methionine-deficient diet containing supplemental homocysteine. Garcia et al. 
(1999a) reported that betaine provided on an isomolar basis to methionine was 
64 and 50% bioavailable for ADG, and 67 and 56% bioavailable for feed 
efficiency in female and male chicks, respectively. Garcia et al. (1999b) 
reported that betaine improved ADG but only supplemental methionine resulted 
in maximum ADG. Furthermore, feed conversion was only improved by 
methionine supplementation. Firman and Remus (1999) reported that the 
response to betaine in chicks was enhanced when methionine was more limiting
11
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than cystine. Neto et al. (1998) reported that chicks fed either betaine or 
methionine in a high crude protein, low-energy diet had increased ADG, but only 
methionine improved feed efficiency. Hsu and Austic (1998) reported that egg 
mass was increased in chicks fed betaine in a methionine-deficient diet in one of 
two studies, and they concluded that betaine could spare a portion of the 
methionine requirement of laying hens near peak egg production. Yadalam et 
al. (1999) reported that betaine improved egg production of layers fed a low- 
methionine diet, but betaine did not affect body weight.
Chicks fed methionine-deficient diets have been reported to have 
increase BHMT activity, and BHMT activity was increased more with addition of 
betaine to methionine-deficient diets (Emmert et al., 1996). Furthermore, Lobo 
(1999) reported that betaine was able to spare methionine, and that betaine also 
may improve breast meat yield and help maintain a positive moisture balance 
during heat stress conditions in chicks. In contrast to the aforementioned 
research, other reports have indicated that betaine does not improve growth 
performance or carcass yield of chicks fed methionine-deficient diets (Rostagno 
and Pack, 1996; Schutte etal., 1997).
Much of the betaine research in poultry has evaluated the efficacy of 
betaine replacing a portion of the choline requirement in choline-deficient diets. 
Choline deficiency is often associated with perosis (slipped tendon in chicks). 
Jukes (1940) reported that betaine was not effective in preventing perosis in 
chicks. Lucas et al. (1946) and McGinnis (1946) reported that the anti-perotic 
properties of betaine in a choline-deficient diet were enhanced in the absence of
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dietary gelatin in chickens and turkeys. Molitoris and Baker (1976) reported that 
betaine could not replace the requirement for choline. Lowry et al. (1987), 
however, reported that betaine could replace approximately 25% of the choline 
requirement, but the choline requirement for neurotransmission and 
phosphatidyl choline had to be met before a response to betaine was obtained. 
Similarly, Garcia etal. (1999c) reported that betaine, methionine, or choline 
supplementation provided similar ADG in chicks fed a diet marginally deficient in 
choline (969 mg/kg; 75% of NRC requirement), but only choline provided a 
positive response when a more severely choline-deficient (709 mg/kg; 55% of 
NRC requirement) diet was fed. Dietary choline has been reported to be 
between 55 and 62% as effective in converting choline to betaine in the liver 
compared with betaine supplementation, and liver betaine levels have been 
positively correlated with ADG (Kettunen et al., 1999). Betaine has been 
reported to decrease carcass fat in chicks fed a choline-deficient diet (600 
mg/kg) compared to chicks fed a diet containing 1,120 mg/kg choline 
(Saunderson and Mackinlay, 1990). Research also has indicated that layers fed 
betaine in a choline-deficient diet have improved percentage laying and 
decreased feed consumed per egg (Abel et al., 1986).
Research has been conducted to determine if betaine may reduce the 
adverse effects of coccidiosis in chickens. Matthews and Southern (2000) 
reported that the effect of betaine was inconsistent in coccidiosis-infected 
chicks. They indicated that betaine improved ADG and feed efficiency in healthy 
and infected chicks in one experiment but only improved ADG in chicks with
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chronic-coccidiosis infections in another similar experiment. Matthews et al. 
(1997) reported that betaine increased ADG and ADFI in coccidiosis-infected 
chicks but decreased ADG and ADFI in uninfected chicks. They further 
indicated that betaine did not improve the efficacy of the coccidiostat, monensin. 
Similarly, Waldenstedt et at. (1999) reported that betaine did not increase the 
efficacy of the coccidiostat, narasin. However, betaine has been shown to 
increase the efficacy of the coccidiostat, salinomycin (Virtanen, 1995; Virtanen et 
al., 1996). Augustine et at. (1997) reported that dietary betaine decreased 
coccidia invasion, and betaine in combination with the coccidiostat, salinomycin, 
decreased coccidia development. Furthermore, Mooney etal. (1998) reported 
that betaine improved water balance and thermobalance during high ambient 
temperatures, and they also indicated that betaine increased body weight and 
ADFI of uninfected and coccidiosis-infected chicks.
The efficacy of betaine in replacing a portion of the methionine 
requirement also has been studied in coccidiosis-infected chicks. Tiihonen et al. 
(1997) reported that SAM was increased in coccidiosis-infected chicks and that 
betaine could compensate for the increased methyl group need of coccidiosis- 
infected chicks. Virtanen and Rumsey (1996) and Remus and Virtanen (1996) 
reported similar growth performance in coccidiosis-infected chicks fed betaine or 
methionine in methionine-deficient diets. Zimmermann etal. (1996) reported 
similar results for chicks fed 0.05 mg/kg betaine, but chicks fed 0.1 mg/kg 
betaine did not perform as well. Remus and Quarles (2000) reported that 
betaine improved lesion score and increased intestinal tensile strength of
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coccidiosis-infected chicks fed a methionine-deficient diet. In contrast, Huff et 
al. (1999) reported that intestinal strength was not affected in uninfected chicks 
fed betaine. Similar to the effects of betaine in coccidiosis-infected chicks, 
betaine has been reported to improve flushing (diarrhea) conditions in turkeys 
(Ei Hadri etal., 1996).
Horses and Dogs
Warren et al. (1999) reported that betaine supplementation for 14 d 
before exercise decreased plasma lactate 60 min after exercise and tended to 
decrease plasma lactate 10 min after exercise in untrained horses but not in 
trained horses.
Other research in horses and dogs has involved dimethylglycine, the 
metabolic by-product of betaine. Levine et al. (1982) reported that 
dimethylglycine supplementation resulted in decreased blood lactate levels of 
horses after training. Rose etal. (1989) reported that dimethylglycine had no 
effect on COz production, heart rate, plasma lactate, arterial blood gases, or 
blood pH. Gannon and Kendall (1982) reported that after administration of 
dimethylglycine for 5 d, time trials were decreased in dogs, and the improvement 
in performance was due to increased endurance and not to increased early 
speed or maximum speed.
Fish
Much of the research in fish has evaluated the effect of a betaine-amino 
acid additive (FinnStim). The betaine-amino acid additive contains 94% 
anhydrous betaine and a 3% L-amino acid mixture (mostly alanine, serine,
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isoleucine, leucine, valine, and glycine). Virtanen etal. (1989) reported that the 
betaine-amino acid additive decreased muscle water content and delayed 
desmoltification in salmon. He also reported that the betaine-amino acid 
additive resulted in more efficient maintenance of ion and water balance during 
seawater adaptation. Clarke et al. (1994) reported that the betaine-amino acid 
additive increased growth and decreased plasma Na concentrations in salmon 
held in salt water net pens. However, the additive had no effect during the fresh 
water phase of the experiment. In a similar study, Castro et al. (1998) reported 
that the betaine-amino acid additive decreased 1C load 1 wk after transferring to 
seawater, and it increased growth rate and feed:gain during the seawater phase. 
The additive also decreased mortality during the entire experimental period 
(fresh and sea water phases).
Other research has determined the amount of choline that can be 
replaced by betaine. Rumsey (1991) reported that 50% of the choline 
requirement must be met by choline, but 50% of the requirement could be met by 
betaine.
Ruminants
Mitchell et al. (1979) conducted a series of studies where betaine [methyl- 
14 C labeled] was added directly into the rumen. A rapid production of Re­
labeled trimethylamine occurred, and the methyl label was lost as expired C 02, 
rumen methane, and rumen C02. Puchala et al. (1995) infused betaine into the 
blood of Alpine and Angora kids. They reported increased plasma methionine 
concentrations in both breeds. However, plasma methionine was increased in
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Alpine kids with either 0.1 or 0.2 g betaine kg*1 BW, but plasma methionine was 
only increased in Angora kids with 0.2 g betaine kg*1 BW. Furthermore, plasma 
S-adenosylhomocysteine and glycine levels also were increased in both breeds 
30 min after infusion when given 0.2 g betaine kg*1BW, but plasma cystine levels 
were not affected. Puchala et al. (1997) reported increased plasma methionine 
and NEFA concentrations, but triglycerides were not affected in Angora goats 
infused with betaine. They concluded that betaine supplementation may have 
positive effects on protein synthesis by increasing the amount of available 
methionine, and that the increase in NEFA may be due to a faster turnover rate 
of lipids. Puchala et al. (1998) reported that duodenal infusion with betaine 
increased plasma methionine concentrations with the peak methionine 
concentration 45 min after infusion in Friesian calves, and they further indicated 
that post-ruminal betaine supplementation may decrease nutrient absorption due 
to increased digesta transport. Loest et al. (1998) reported that betaine 
increased backfat thickness and marbling score in finishing steers.
Humans
Most of the research in humans has concerned the effect of betaine on 
the transmethylation pathway. Research has focused on homocystinuria, 
methionine sparing, and the activity of the enzyme BHMT.
Smolin etal. (1981) reported that betaine decreased plasma 
homocysteine concentrations and increased plasma methionine concentrations 
in cystathionine synthase deficient, pyridoxine non-responsive patients. 
Furthermore, they reported that after 2 yr of betaine supplementation, the ill
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effects of homocystinuria were non-existent. Wilcken et al. (1983) reported that 
betaine decreased plasma homocysteine but increased plasma cystine levels in 
cystathionine synthase deficient, pyridoxine non-responsive homocystinuria 
patients and one patient with homocystinuria due to a defect in cobalamin 
metabolism. Allen et al. (1993) reported that betaine levels are maintained in 
patients with cobalamin and folate deficiency, but the levels o f dimethylglycine 
and methylglycine were increased in most patients with folate deficiency. They 
further indicated that betaine therapy in patients with inborn errors of cobalamin 
deficiency was not effective. Dudman et al. (1996) reported that betaine 
supplementation in patients with pyridoxine-resistant homocystinuria decreased 
plasma homocysteine; however, this effect was absent soon after betaine 
supplementation ceased, and they concluded that betaine supplementation 
stimulated betaine dependent homocysteine remethylation as long as betaine 
was supplemented.
Storch et al. (1991) reported that plasma methionine concentrations were 
increased in young healthy men supplemented with anhydrous betaine, and they 
concluded that increased methyl group intake may increase the methionine 
requirement.
Sunden et al. (1997) reported that BHMT mRNA was present in the liver 
and kidney tissue but not in the pancreas, brain, heart, muscle, spleen, or 
placenta. They further reported that the BHMT gene was mapped to 
chromosome 5q13.1-q15. Park and Garrow (1999) reported cloning of the
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human BHMT gene. They indicated that the gene spans approximately 20 
kilobases c f DNA and contains eight exons and seven introns.
As in horses and dogs, the effects of dimethylglycine (the metabolic by­
product of betaine metabolism) have been studied in humans. Bishop et al. 
(1987) reported that dimethylglycine had no effect on physiological responses or 
performance of trained runners when dimethylglycine was ingested in acute 
doses immediately before running.
Other Species/Osmotic Properties
Many reports indicate that betaine affects osmotic properties of plants, 
microbes, and marine invertebrates. In these organisms, betaine can be 
accumulated in high concentrations during conditions of drought or high salinity, 
allowing for protection (Virtanen, 1995). In reviews, Le Rudulier et al. (1984) 
and Yancey et al. (1982) indicated that betaine was involved in osmolarity 
functions. The remainder of this literature review will focus on selected research 
to indicate some of these osmotic properties.
Riou and Le Rudulier (1990) reported that betaine enhanced N fixation in 
Azospirillum brasilense under salt stress conditions, which resulted in stimulation 
of aerobic growth. Cayley et al. (1992) reported that betaine increased growth 
rate of E. cofi K-12 more than proline, and that choline had an intermediate effect 
on growth rate. Graham and Wilkinson (1992) reported that betaine enhanced 
growth of Staphylococcus aureus, and that betaine accumulated in high 
concentrations in osmotically stressed cells. Pourkomailian and Booth (1992) 
reported the discovery of two Na* dependent transport systems in
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Staphylococcus aureus, which were differentiated based on their affinity for 
betaine or activation by osmotic pressure. Boch et al. (1994) reported that 
betaine could be produced from exogenously provided choline, and that the 
choline increased growth rate of Bacillus subtilis. Ko et al. (1994) reported that 
betaine improved growth rate of Listeria monocytogenes under cold stress 
conditions. Similarly, Park et al. (1995) reported that both osmotic and cold 
stress stimulated betaine accumulation in Yersinia enterocolitica, and that 
betaine stimulated growth during osmotic stress conditions and slightly improved 
growth in cold stress conditions. Furthermore, Sowers and Gunsalus (1995) 
reported that halotolerance in Methanosarcina spp. was partially dependent on 
betaine accumulation.
Dragolovich (1994) reported that betaine production was localized in the 
mitochondrial matrix of cardiac cells in horseshoe crabs, and that increased 
choline concentrations in osmotically-stressed mitochondria resulted in 
increased betaine concentrations. Bagnasco et al. (1985) reported high levels 
of betaine in cells of the inner medulla of the kidney during conditions of 
antidiuresis, which may indicate that betaine is important in intracellular osmotic 
balance. Betaine also has been reported to alleviate osmotic stress caused by 
concentrated urea (Yancey and Burg, 1990).
The aforementioned research indicates that betaine affects many different 
species by its variable properties. The research in this dissertation will focus on 
the effects of dietary betaine on performance of swine and poultry.
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CHAPTER 2
EFFECTS OF BETAINE ON GROWTH, CARCASS CHARACTERISTICS, PORK 
QUALITY, AND PLASMA METABOLITES OF FINISHING PIGS
Introduction
Much of the research with betaine in finishing pigs has evaluated effects 
on growth and carcass traits, and usually only one level of betaine has been fed. 
The most common level of betaine used has been 0.125% (Webel, 1994; Cera 
and Schinckel, 1995; Matthews etal., 1998). However, levels as low as 0.10% 
(Smith etal., 1994,1995) and as high as 1.0% (Overland etal., 1999) have been 
used.
Currently, the swine industry is focused on improving pork quality. Very 
little research has been conducted evaluating the effects of betaine on pork 
quality. Overland et al. (1999) reported no effects on sensory quality of pork 
from pigs fed 1.0% betaine. Matthews et al. (1998) reported that subjective color 
of the loin muscle in pigs fed 0.125% betaine was decreased, but subjective 
marbling and firmness-wetness were not affected.
Bagnasco et al. (1986) reported high levels of betaine in cells of the inner 
medulla of the kidney during conditions of antidiuresis, which may indicate that 
betaine plays an important role in intracellular osmotic balance. Furthermore, 
betaine has been shown to improve osmotolerance and cryotolerance of Listeria 
monocytogenes when subjected to salt and cold stress conditions (Ko et al., 
1994). Thus, these osmo-protectant properties of betaine could affect pork 
quality, assuming that betaine is accumulated in muscle tissue of swine.
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Therefore, the purpose of this study was two-fold: 1) to determine if 
betaine is accumulated in muscle tissue by feeding graded levels of betaine, and 
2) to determine how these graded levels of betaine affect pork quality, as well as 
growth and carcass traits.
Materials and Methods
General
The experiment was approved by the Louisiana State University Animal 
Care and Use Committee.
Forty-eight crossbred barrows and gilts with an average initial weight o f 
69 kg were allotted to four dietary treatments. Pigs were allotted to each 
treatment on the basis of weight, and ancestry was equalized across treatments 
in a randomized complete block design. Four replications of three pigs (two 
barrows and one gilt) per replicate were used. The treatment diets included a 
corn-soybean meal basal (Table 2.1) supplemented with 0, 0.125, 0.250, or 
0.500% betaine (Betafin S6, Finnsugar Bioproducts, Schaumburg, IL 60173).
The finishing phase was divided into two periods. The early finishing diets were 
fed from 69 to 88 kg BW and the late finishing diets were fed from 88 to 115 kg 
BW. Both the early and late finishing diets were formulated to meet or exceed 
the nutrient requirements of finishing pigs (NRC, 1998). Pigs were provided 
feed and water on an ad libitum basis and housed in a curtain-sided building 
with 1.5- x 3.0-m pens and concrete slotted floors. Pigs and feeders were 
weighed every 2 wk for calculation of average daily gain (ADG), average daily 
feed intake (ADFI), and feed efficiency.
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Table 2.1. Compositions of early and late finishing basal diets, as-fed basis
Early Late
Ingredient finishing finishing
% %
Corn 78.004 85.277
SBM, 48% CP 17.869 10.473
Monocalcium phosphate 0.813 0.935
Limestone 1.090 1.091
Sodium bentonite 0.500 0.500
Trace minerals" 0.100 0.100
Selenium premix b 0.050 0.050
Salt 0.500 0.500
Vitam insc 0.375 0.375
Lysine • HCI 0.150 0.150
Cornstarch 0.549 0.549
Calculated comDOsition
CP, % 15.26 12.36
Lysine, % 0.85 0.65
Tryptophan, % 0.17 0.12
Threonine, % 0.56 0.44
Total sulfur AA, % 0.53 0.45
Ca, % 0.60 0.60
P, % 0.50 0.50
Choline, mg/kg 972 815
ME, kcal/kg 3.273 3,271
* The trace mineral premix provided the following per kilogram of diet: Zn, 127 
mg; Fe, 127 mg; Mn, 20 mg; Cu, 12.7 mg; I, 0.80 mg, as zinc sulfate, ferrous 
sulfate, manganese sulfate, copper sulfate, ethylenediamine dihydriodide, 
respectively, with calcium carbonate as the carrier. 
b Provided 0.3 mg of Se per kilogram of diet.
c The vitamin premix provided the following per kilogram of diet: vitamin A, 8,267 
IU; vitamin D3, 2,480 IU; vitamin E, 66 III; vitamin B12, 0.05 mg; d-biotin, 0.33 mg; 
menadione, 6.20 mg; niacin, 66 mg; Ca d-pantothenic acid, 37 mg; riboflavin, 10 
mg; folic acid, 2.48 mg; thiamine, 3.31 mg; pyridoxine, 3.31 mg; ascorbic acid, 
0.08 mg.
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Plasma Collection and Analyses
Blood samples were collected via the anterior vena cava at experiment 
initiation and on d 35 of the experiment. Pigs were held without feed for 16 h 
before bleeding. After collection of blood, the samples were placed on ice for 2 
h, then centrifuged for 15 min at 1,500 *  g at 4°C. Plasma was collected and 
frozen (~20°C) until subsequent analyses for urea N, total protein, albumin, 
triglycerides, cholesterol, HDL cholesterol, and non-esterified fatty acids (NEFA). 
The sample collected at the initiation of the experiment was analyzed and used 
as a covariate for statistical analyses of all plasma metabolites. Urea N, total 
protein, and albumin concentrations were determined by the methods of Laborde 
et al. (1995). Non-esterified fatty acid concentrations were determined by an 
enzymatic colorimetric procedure (NEFA-C Kit, ACS-ACOD Method; Wako 
Chemicals USA, Richmond, VA) as described by McCutcheon and Bauman 
(1986). Total cholesterol was determined by an enzymatic-colorimetric 
procedure (Sigma, 1989) using a cholesterol kit (Sigma kit #352-100; Sigma 
Chemical Co., St. Louis, MO). The HDL cholesterol fraction was isolated using a 
HDL kit (Sigma Kit #352-1; Sigma Chemical Co., St. Louis, MO) then HDL 
cholesterol was determined using a cholesterol kit (Sigma kit #352-100; Sigma 
Chemical Co., St. Louis, MO). Triglycerides were determined using an 
enzymatic-colorimetric procedure (Sigma Kit #339-20; Sigma Chemical Co., St. 
Louis, MO).
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Carcass Evaluation
Pigs were killed by replication, with one replication of each treatment 
killed as that replicate approached target weight (113-118 kg). Pigs were 
transported to the Louisiana State University Agricultural Center Meats 
Laboratory for slaughter and killed by electrical stunning followed by 
exsanguination. Hot carcass (for determination of dressing percentage) and leaf 
fat weights were collected. Carcass measurements and values from total body 
electrical conductivity (TOBEC; Model MQI-27: Meat Quality Inc., Springfield, IL) 
analysis (for calculation of fat free lean and fat content in the carcass) were 
obtained after a 20-h chill at 2°C. The carcass measurements (obtained from 
the left side of the carcass) included loin muscle area, first-rib backfat thickness,
10^-rib 3/4 backfat thickness, last-rib backfat thickness, last lumbar vertebrae 
backfat thickness, carcass length, and muscle score. The left side of the 
carcass was used for TOBEC analysis (Higbie, 1997). The psoas muscle was 
removed from the right side of the carcass, cleaned of any adhering 
intermuscular fat, and weighed.
Loin muscle area was determined by tracing the loin muscle surface area 
at the lO^-rib, and area determined with a compensating polar planimeter. 
Tenth-rib backfat thickness was determined by measuring the fat thickness at 
the 10^-rib, three quarters of the lateral length of the loin muscle perpendicular 
to the outer skin surface. Average backfat was determined by averaging the 
backfat thickness at the first rib, last rib, and last lumbar vertebrae. Butt fat 
thickness of the ham was measured beneath the femur bone in the butt face
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from the interior edge of the subcutaneous fat on a straight line to the outer skin 
surface and perpendicular to the outer skin surface. Dressing percentage was 
calculated using the equation: [(hot carcass weight + final BW) *100]. Fat free 
lean and total fat were determined by TOBEC analysis. The equation used to 
calculate kilograms of fat free lean was: {[” 2.164 + (0.172 *  carcass length) + 
(0.164 x peak TOBEC value) - (0.742 x carcass temperature)] x 2); (R2 = 0.93). 
The equation used to calculate kilograms of total fat was: {[” 9.528 + (0.660 x 
cold carcass side weight) + (1.181 x io m-rib backfat) - (0.132 x peak TOBEC 
value) +  (0.465 x carcass temperature)] x 2); (R2 =  0.90). Percentage lean in the 
carcass was calculated by the equation [(fat free lean hot carcass weight) x 
100] and percentage fat in the carcass was calculated by the equation [(total fat 
hot carcass weight) x 100], Lean gain per day was determined using the 
equation: [(fat free lean - initial lean) / number of days on trial]. Initial lean was 
determined using the equation of Brannaman et al. (1984): [” 1.59 + (0.44 x 
initial BW)]. This equation was developed for determining initial lean of 15- to 
50-kg pigs; however, we used it to determine initial lean of pigs in this 
experiment with pigs initially weighing 69 kg. The equation used to calculate 
kilograms of ham fat free lean was: [2.738 +(0.121 x peak ham TOBEC value) - 
(0.089 x ham temperature)]; (R2 = 0.95). The equation used to calculate 
kilograms of total ham fat was: [” 2.393 - (0.090 x peak ham TOBEC value) + 
(0.671 x ham weight) + (0.072 x ham temperature) + (0.276 x butt fat 
thickness)]; (R2 = 0.84).
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Pork Quality Evaluation
Approximately 45 min and 24 h after slaughter, pH and temperature were 
taken from the right side of the carcass in the loin muscle between the 10* and 
11* ribs. The pH of loin muscle was determined using a hand-held pH meter 
(Model 2000; VWR Scientific Products Co., South Plainfield, NJ 07080) fitted 
with a spear-tipped electrode (Catalog # P-05658-60; Cole-Parmer Instrument 
Co., Vernon Hills, IL 60061). After collection of all carcass data, two 2.54-cm 
chops were collected from the 9th and 10th ribs. Immediately following collection 
of the chops, Hunter L‘, a’, and b* values were obtained from three orientations 
on the 10m-rib chop using a Minolta spectrophotometer (Model CM-508d; Minolta 
Corporation, Ramsey, NJ 07446). The pork quality scores (color, marbling, and 
firmness-wetness) also were determined on the 10m-rib chop using the 
guidelines of the NPPC (1991). Water holding capacity (bound water) was 
determined in triplicate on samples from the 9*-rib chop using a press method 
(Wierbicki and Deatherage, 1958).
The lO 'V ib  chop was vacuum sealed and frozen for subsequent analysis 
of thaw and cook loss, and shear force. While still sealed in vacuum bags, 
chops were weighed to determine total weight after thawing at 2°C for 18 h.
Initial chop weight was calculated as total weight minus empty bag weight. The 
chop was then removed from the vacuum bag, blotted with paper towels to 
remove excess surface moisture, then weighed to determine the blotted chop 
weight. Thaw loss was determined by subtracting the blotted chop weight from 
the initial chop weight. Chops were then cooked on a Farberware Open-Hearth
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Broiler (Farberware Co., Bronx, NY). The chops were cooked to an internal 
temperature of 35°C, turned to the uncooked side, and cooked to an internal 
temperature of 70°C. After cooking, chops were allowed to cool to room 
temperature, blotted dry, and weighed for cooked chop weight. Cook loss was 
determined by subtracting the cooked chop weight from the blotted chop weight. 
Total loss was calculated as thaw loss plus cook loss. Thaw loss, cook loss, and 
total loss weights were then expressed as a percentage of initial chop weight.
After weights for cook loss were obtained, chops were placed in an 
unsealed vacuum bag and refrigerated at 2°C for 20 h. Four 1,27-cm cores 
taken parallel to the muscle fibers were then removed from each chop. Cores 
were sheared perpendicular to the grain of the muscle fiber using an Instron 
Model 4501 Universal Testing Instrument (Instron, Canton, MA) fitted with a 
Warner-Bratzler shearing device with a cross-head speed of 100mm/min.
Tissue Betaine Analysis
Approximately 45 min post-mortem, tissue samples were collected from 
the loin muscle for all treatments and from the ham (Biceps femoris) of pigs fed 
the 0.125% level of betaine. After collection, the sample was immediately 
wrapped in aluminum foil and parafilm, then frozen using dry ice and acetone. 
Samples were stored at “ 30°C until shipment for analysis of betaine 
concentrations. Analysis for betaine was conducted by the Cultor Technology 
Center, Kirkkonummi, Finland. Betaine concentrations were determined using 
the methods outlined by Rajakyla and Paloposki (1983) with the following
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modification: HPLC conditions were 0.004 M Ca(N03)2 with a flow rate of 0.6
mL/min.
Statistical Analysis
Data were analyzed by analysis of variance procedures (Steel and 
Torrie, 1980) using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) as a 
randomized complete block design. Carcass data (with exception of pork quality 
data) were analyzed with final body weight as a covariate. Time of pH and 
temperature collection in reference to kill time was used as a covariate for pH 
and temperature data. Initial plasma data served as a covariate for all plasma 
data. Orthogonal single degree of freedom contrasts were used to determine 
linear and quadratic effects. An additional contrast statement was used to 
compare the 0% betaine level versus the three added levels of betaine (0 vs 
betaine). The pen of pigs served as the experimental unit for all data.
Results
During the early finishing period, ADG was decreased (quadratic, P < 
0.08) in pigs fed 0.250% betaine, and pigs fed all levels of betaine had 
decreased ADG (0 vs betaine, P < 0.06) compared with control pigs (Table 2.2). 
Average daily feed and metabolizable energy (ME) intake were decreased in 
pigs fed betaine (quadratic, P < 0.01; 0 vs betaine, P < 0.01), but gain:feed and 
gain:ME were not affected (P > 0.10). During the late finishing period, pigs fed 
betaine had decreased (0 vs betaine, P < 0.09) ADFI and ME intake, but ADG 
was not affected (P> 0.10) by betaine, resulting in an increase (0 vs betaine, P 
< 0.06) in gaimfeed and gain:ME intake. Gaimfeed and gain:ME were highest in
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Table 2.2. Effect of betaine on growth performance of finishing pigs"
Item Betaine. % 0 0.125 0250 0 5 0 0 SEM
Early Finisher 
Daily gain, kg/d ** 0.99 0.87 0.78 0.86 0.06
Daily feed, kg/d M 3.30 2.88 2.64 2.87 0.12
Gain:feed, kg:kg 0.300 0.303 0.296 0.305 0.018
Daily ME intake, Mcal/dd,f 10.80 9.43 8.63 9.39 0.39
Gain.ME, g:Mcal 92 93 90 93 5
Late Finisher
Daily gain, kg/d 0.75 0.78 0.75 0.71 0.02
Daily feed, kg/dc 3.00 2.79 2.79 2.81 0.09
Gain:feed, kg:kg “ 0.250 0.278 0.270 0.254 0.007
Daily ME intake, Mca!/dc 9.81 9.12 9.13 9.19 0.30
GainiME, g:Mcal“ 76 85 83 78 2
Overall
Daily gain, kg/d 0.84 0.81 0.77 0.77 0.03
Daily feed, kg/d M 3.12 2.82 2.74 2.84 0.07
Gain:feed, kg:kg 0.270 0.288 0.279 0.271 0.008
Daily ME intake, Mcal/dd*f 10.22 9.23 8.98 9.28 0.24
GainiME, g:Mcal 83 88 85 83 2
Lean aain:ME. (a:Mcal)/d* 23.5 24.2 28.7 22.2 1.5
■ Data are the mean of four replicates of three pigs per replicate. Average initial 
and final body weight were 69 and 115 kg, respectively. 
b Quadratic effect, (P < 0.08).
c 0% betaine vs 0.125, 0.250, and 0.500% betaine effect, (P < 0.09). 
d Linear effect, (P < 0.05).
• Quadratic effect, (P < 0.03).
10% betaine vs 0.125, 0.250, and 0.500% betaine effect (P < 0.01).
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pigs fed the 0.125 and 0.250% levels o f betaine (quadratic, P  < 0.02). Overall 
ADG, gaimfeed, and gain:ME were not affected (P > 0.10) by betaine. Overall 
ADFI and ME intake were decreased (quadratic, P < 0.02; 0 vs betaine, P <
0.01) by betaine with pigs fed the 0.250% level of betaine having the lowest 
ADFI and ME intake. Lean gain:ME intake was increased in pigs fed the 0.250% 
level of betaine (quadratic, P < 0.03).
Loin muscle area, average backfat thickness, dressing percentage, psoas 
muscle weight, muscle score, percentage lean, total fat, leamfat, and leaf fat 
weight were not affected (P >0.10) by dietary betaine (Table 2.3). Tenth-rib 
backfat thickness was decreased (quadratic, P  < 0.05; 0 vs betaine, P < 0.02) in 
pigs fed betaine, with pigs fed 0.250% betaine having the lowest 10^-rib backfat 
thickness. Carcass length was increased (linear, P < 0.03; 0 vs betaine, P < 
0.06) as dietary betaine increased. Fat-free lean (quadratic, P < 0.04) and lean 
gain per day (quadratic, P < 0.06) were increased and percentage fat was 
decreased (quadratic, P < 0.06) in pigs fed 0.250% betaine. Similarly, ham 
weight (quadratic, P < 0.06), ham fat-free lean (quadratic, P < 0.03), and ham 
percentage lean (quadratic, P < 0.04) were increased in pigs fed 0.250% 
betaine, but total ham fat (quadratic, P  < 0.05), percentage ham fat (quadratic, P 
< 0.03), and butt fat thickness (quadratic, P  < 0.02) were decreased in pigs fed 
0.250% betaine.
Forty-five min pH and carcass temperature were not affected (P >0.10) 
by betaine; however, 24 h pH was increased in pigs fed betaine (quadratic, P < 
0.03; 0 vs betaine, P < 0.01; Table 2.4). Twenty-four hour carcass temperature
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was decreased (quadratic, P < 0.06) in pigs fed 0.250% betaine. Thaw loss was 
increased (quadratic, P  < 0.10; 0 vs betaine, P  < 0.02), but cook loss was 
decreased (linear, P < 0.03) as dietary betaine increased. The Minolta L* for the 
biceps femoris was decreased (quadratic, P  < 0.06; 0 vs betaine, P  < 0.09) with 
pigs fed 0.250% betaine having the lowest L‘ value. Total loss (thaw + cook 
loss) was not affected (P> 0.10) by betaine. Subjective (NPPC, 1991) and 
objective (Minolta) color assessments (except biceps femoris L* value), loin 
muscle percentage moisture and percentage bound water, and shear force were 
not affected (P >0.10) by betaine supplementation.
Levels of tissue betaine in the loin muscle were not detectable in pigs not 
fed betaine (Table 2.4). In pigs fed betaine, tissue betaine concentrations were 
detected, but they did not differ regardless of dietary betaine level. Tissue 
betaine concentrations in the ham of pigs fed 0.125% betaine were comparable 
to those found in the loin muscle.
Plasma urea nitrogen, total protein, albumin, triglycerides, and HDL 
cholesterol concentrations and HDL.total cholesterol were not affected (P > 0.10; 
Table 2.5) by betaine. Plasma total cholesterol (linear, P < 0.08), and NEFA 
concentrations (quadratic, P < 0.08) were increased in pigs fed betaine. Pigs 
fed the 0.125 and 0.250% levels of betaine had the highest NEFA.
Discussion
Growth data were variable between the early and late finishing periods; 
however, ADFI and ME intake were lower in pigs fed betaine in both feeding 
periods. Although ADG was not significantly affected by betaine, gaimfeed was
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Table 2.3. Effect of betaine on carcass characteristics of finishing Dias *
Item Betaine, % 0 0.125 0.250 0.500 SEM
Carcass Lean and Fat Measurements
Loin muscle area, cm 2 44.05 42.73 44.37 41.58 1.61
Tenth-rib backfat, cm ^ 2.53 2.42 2.07 2.21 0.08
Average backfat, cm 2.82 2.77 2.69 2.76 0.07
Dressing percentage, % 74.26 73.12 75.07 74.31 1.04
Carcass length, cm M 81.20 81.58 82.47 82.69 0.38
Psoas muscle, kg 0.51 0.52 0.51 0.50 0.01
Muscle score 2.37 2.37 2.52 2.41 0.06
Fat-free lean, kg “ 41.58 41.23 44.17 41.33 0.61
Percentage lean, % 49.02 49.60 51.56 48.64 1.16
Lean gain per day, g c 229 222 265 207 12
Total fat, kg* 26.64 26.66 24.24 25.93 0.73
Percentage fat, % e 31.23 31.60 28.12 30.26 0.61
Lean:fat, kg:kg 1.67 1.62 1.84 1.66 0.07
Leaf fat, kg 1.27 1.46 1.22 1.48 0.10
Ham Lean and Fat Measurements
Ham weight, k g c 9.98 10.21 10.29 10.02 0.11
Fat-free lean, kg6* 6.26 6.36 6.79 6.23 0.13
Percentage lean, % 6 62.50 62.29 66.09 62.23 0.90
Total fat, kg6* 2.17 2.26 1.91 2.23 0.06
Percentage fat, % 6 21.88 22.23 18.47 22.20 0.73
Butt fat thickness, cm 6 1.67 1.74 1.43 1.72 0.05
8 Data are the means of four replicates of three pigs per replicate. All data were 
analyzed with final body weight as a covariate. The covariate was significant (P  
<0.10) in the carcass length, psoas muscle, muscle score, carcass and ham fat- 
free lean, lean gain per day, carcass total fat, and ham weight data. 
b Linear effect, (P < 0.03). 
c Quadratic effect, (P < 0.06).
d 0% betaine vs 0.125, 0.250, and 0.500% betaine effect, (P < 0.06). 
e Determined using total body electrical conductivity analysis.
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Table 2.4. Effect of betaine on pork Quality of finishing Dias*
Item Betaine. % 0 0.125 0.250 0.500 SEM
45-min pH b 6.24 6.18 6.06 6.01 0.09
45-min temperature, C b 40.28 40.08 40.36 40.19 0.25
24-h pH** 5.44 5.55 5.53 5.55 0.02
24-h temperature, C M 1.83 1.86 1.57 1.91 0.08
Color* 2.08 2.21 2.04 2.33 0.12
Firmness-wetness * 2.79 2.75 2.60 3.00 0.18
Marbling* 1.92 1.92 1.65 1.77 0.19
Loin muscle (LM) L* 55.55 54.84 56.18 54.97 1.07
a* 2.19 1.59 2.42 1.64 0.77
b* 11.68 11.43 12.51 11.89 0.76
Biceps femoris 53.62 51.43 50.03 52.03 1.11
a* 4.65 4.21 3.87 4.14 0.46
b* 12.87 12.07 11.96 11.99 0.61
LM moisture, % 73.95 74.27 74.31 74.02 0.24
LM bound water, % 80.05 78.60 77.21 80.84 1.44
Thaw loss, % 0 7.94 8.54 9.79 9.51 0.40
Cook loss, % h 23.20 23.01 22.20 19.86 0.93
Total loss, % 31.14 31.56 31.99 29.37 1.15
Shear force, kg 2.44 2.83 2.73 2.68 0.18
Tissue betaine
Loin muscle, mg/g' ND 0.22 0.17 0.21 0.02
Ham, mg/g - 0.16 - - -
3 Data are the mean of four replicates of three pigs per replicate. 
b Time of data collection in reference to kill time was used as a covariate for pH 
and temperature measurements. The covariate was significant (P < 0.10) in the 
24-h temperature data.
c Linear effect, (P < 0.01); quadratic effect, (P < 0.03); 0% betaine vs 0.125, 
0.250, and 0.500% betaine effect, (P < 0.01). 
d Quadratic effect, (P < 0.06).
e Scores were taken on the interface of the 1O^-rib chop according to the 
guidelines of the NPPC (1991).
f 0% betaine vs 0.125, 0.250, and 0.500% betaine effect, (P < 0.09).
0 Linear effect, (P < 0.02); quadratic effect, (P < 0.10); 0% betaine vs 0.125, 
0.250, and 0.500% betaine effect, (P < 0.02). 
h Linear effect, (P < 0.03).
' Data were analyzed without the 0% betaine treatment; ND indicates that 
betaine concentrations were not detectable (< 0.07 mg/g).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Table 2.5. Effect of betaine on plasma metabolites of finishing Dios"
Item Betaine. % 0 0.125 0.250 0.500 SEM
Urea nitrogen, mmol/L 2.95 2.70 2.72 2.71 0.13
Total protein, g/L 61.49 62.66 61.97 60.91 1.64
Albumin, g/L 32.40 31.97 30.65 32.00 0.89
Triglycerides, mg/dL 37.99 38.55 35.69 38.87 1.38
Total cholesterol, mg/dLb 73.91 75.99 78.75 80.90 2.47
HDL cholesterol, mg/dL 38.83 45.23 36.42 41.20 4.29
HDLitotal cholesterol 0.54 0.61 0.46 0.49 0.05
NEFA. uEq/Le 480 650 637 523 63
• Data are the mean of four replicates of three pigs per replicate. The initial
plasma sample was used as a covariate for analysis of all data. The covariate 
was significant (P < 0.10) in the urea nitrogen and NEFA data. 
b Linear effect, (P < 0.08). 
c Quadratic effect, (P < 0.08).
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not increased during the early finishing and overall periods as might be expected 
due to the reduction in ADFI. Betaine previously has been reported to decrease 
ADFI of gilts fed 0.125% betaine (Cera and Schinckel, 1995; Matthews eta l.,
1998), and our data are in agreement. However, other reports have indicated 
that betaine had no effect on ADFI (Webel, 1994; Casarin et al., 1997; Kitt etal.,
1999), or that ADFI may be increased or decreased depending on the 
lysine:calorie ratio and energy level of the diet (Haydon etal., 1995). The 
decrease in energy intake with an increased gain:ME intake during the late 
finishing period would seem to indicate that pigs fed betaine may spare energy. 
Campbell et al. (1997b) reported that the energy requirement for maintenance of 
pigs fed betaine was reduced, which is in agreement with the response of pigs 
fed betaine in the current experiment.
Carcass traits were consistently affected by the 0.250% level of betaine. 
Pigs fed 0.250% betaine had a 20% reduction in lO^-rib backfat thickness, a 6% 
increase in fat-free lean, a 14.6% increase in lean gain per day, and a 10.5% 
reduction in percentage carcass fat. Pigs fed betaine have been reported to 
have decreased backfat thickness (Cadogan etal., 1993; Casarin etal., 1997) 
and increased carcass lean (Casarin etal., 1997; Cromwell etal., 1999) and our 
data are in agreement. However, other reports in the literature indicate that 
betaine does not affect carcass traits (Webel, 1994; Matthews etal., 1998; 
0verland et al., 1999) when fed at 0.125 or 1.0% of the diet and Haydon et al. 
(1995) reported that backfat thickness and loin muscle area may be increased or 
decreased in pigs fed betaine depending on the lysine.calorie ratio and energy
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level of the diet. In addition, carcass length was increased linearly in pigs fed 
betaine, which is agreement with Matthews et a/. (1998) who reported that 
0.125% betaine increased carcass length. Lean and fat measurements of the 
ham were similar to those of the carcass, with pigs fed 0.250% betaine having 
improved lean and fat characteristics for every ham trait measured.
One of the primary goals of this study was to determine if dietary betaine 
supplementation would increase muscle tissue betaine, and if so, would dietary 
betaine affect pork quality. Pigs fed 0% betaine had no detectable tissue 
betaine concentration, but pigs supplemented with betaine (regardless of the 
level of betaine) had detectable betaine concentrations in the loin muscle. Thus, 
betaine supplementation of the diet did result in the incorporation of betaine into 
muscle tissue.
Considering that betaine was incorporated into muscle tissue, it is 
possible that it may affect pork quality, and our data are somewhat supportive of 
this statement. Improvements were observed for 24 h pH and Minolta L* value of 
the biceps femoris. Thaw loss was increased in pigs fed betaine, but cook loss 
was decreased resulting in no effect on total loss (thaw + cook loss). Literature 
concerning the effects of betaine on pork quality is limited. Subjective color has 
been reported to decrease in pigs fed 0.125% betaine, but betaine has been 
reported to have no effect on subjective marbling and firmness-wetness of pigs 
fed 0.125% betaine, or on sensory quality of pigs fed 1.0% betaine (Matthews et 
a!., 1998; 0verland etal., 1999). Although these effects of betaine on pork 
quality in the current experiment are promising, further research should be
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conducted with a larger number of pigs. Evaluation of water-holding capacity 
with a drip loss method may be better because it will determine the amount of 
moisture loss under typical industry conditions. Furthermore, evaluation of drip 
loss, cook loss, and shear force on fresh pork instead of frozen may more clearly 
parallel industry situations because a majority of the pork is marketed fresh.
Matthews et al. (1998) reported that 0.125% betaine decreased serum 
urea N in fed pigs. Although plasma urea N was not significantly affected in the 
current experiment, it was numerically lower in pigs fed all levels of betaine. 
Matthews et al. (1998) also reported that plasma total protein was increased in 
pigs fed betaine in low-energy diets, but not in high-energy diets, and that serum 
albumin was decreased in pigs supplemented with betaine and fed adequate 
crude protein, but increased in pigs fed inadequate crude protein (more so in 
high-energy diets than in low-energy diets). Plasma total protein and albumin 
were not affected in the present study. The level of ME used in the present 
study was similar to that in the low-energy diet used by Matthews et al. (1998), 
but the lysine level used was different, which could partially explain the 
discrepancy in the total protein and albumin data. Matthews et al. (1998) and 
0verland et al. (1999) reported no effect of betaine on serum or plasma 
cholesterol and NEFA concentrations; however, our data indicate that betaine 
increased plasma cholesterol, and plasma NEFA was increased in pigs fed 
0.125 and 0.250% betaine. Overland et al. (1999) also reported that betaine did 
not affect plasma triglycerides, and our data are in agreement. Furthermore, 
plasma HDL cholesterol and HDLitotal cholesterol were not affected by betaine.
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The effects of betaine on plasma NEFA and cholesterol would seem to indicate 
that betaine affects fat metabolism; however, the lack of response in triglycerides 
would indicate otherwise.
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CHAPTER 3
EFFECTS OF BETAINE, PEN SPACING, AND SLAUGHTER HANDLING 
METHOD ON GROWTH PERFORMANCE, CARCASS TRAITS, AND PORK
QUALITY OF FINISHING PIGS
Introduction
The maintenance energy requirement has been shown to be reduced in 
pigs fed betaine (Campbell et al., 1997b). Other reports also have indicated that 
betaine may affect the efficiency of energy utilization in pigs (Casarin et a!.,
1997; Cromwell etal., 1999; Matthews etal., 1998). Betaine also has been 
shown to be beneficial in some stress situations, such as improved 
osmotolerance and cryotolerance of Listeria monocytogenes (Ko etal., 1994), 
and improved growth performance of coccidiosis-infected chicks (Matthews et 
al., 1997). High levels of betaine also have been reported in the cells of the 
inner medulla of the kidney during conditions of antidiuresis (Bagnasco et al.,
1986). Furthermore, betaine has been shown to affect some aspects of pork 
quality (Matthews et al., 2001; Matthews et al., 1998), but other reports have 
shown that betaine has no effect on pork quality (Overland etal., 1999).
Crowding of pigs is a long-term stress, which leads to poor growth 
performance, often thought to result from decreased ADFI. However, growth 
performance of crowded pigs has not been improved by increased nutrient 
density (protein or energy) of the diet (Brumm and Miller, 1996). Paterson and 
Pearce (1991) indicated that the decrease in growth caused by the chronic 
stress of crowding was due to an impaired feed efficiency.
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Pre-slaughter handling of pigs is a short-term stress, whfch has been 
shown to affect pork quality. Mixing of unfamiliar pigs, amount of rest at the 
abattoir, and length of feed withdrawal are some pre-slaughter factors that may 
affect pork quality (Jones etal., 1994).
The aforementioned literature suggests that betaine may be beneficial in 
energy-deficient or stress-related situations. Thus, the purpose of this research 
was to evaluate the effects of betaine on growth performance, carcass traits, and 
pork quality of pigs subjected to either long-term (reduced-pen space) or short­
term (pre-slaughter handling) stresses.
Materials and Methods
General
The materials and methods used in these experiments were approved by 
the Louisiana State University Animal Care and Use Committee.
Eighty Yorkshire or crossbred barrows from the Louisiana State University 
Agricultural Center Swine Unit were allotted to four treatments in a randomized 
complete block design. Five replicates with four pigs per replicate were used for 
the growth trial (two pigs from each pen received minimal handling and two 
received normal handling at slaughter). Allotment to treatments was based on 
weight, and ancestry was equalized across treatments. For the growth trial, a 2 
x 2 factorial arrangement of treatments was used: betaine (0 or 0.250%; Betafin 
S6, Finnsugar Bioproducts, Rolling Meadows, IL 60008) and(or) pen space 
[m2/pig; adequate pen spacing, 0.035 BW°67kg (APS) or inadequate pen
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spacing, 0.025 BW°67kg (IPS); Whittemore, 19931. Pen dimensions and 
adjustments were conducted as previously described by Ward et al. (1997).
Before slaughter, two pigs from each pen were randomly selected for 
either normal (NSH) or minimal (MSH) handling at slaughter. Pigs receiving 
MSH were held without feed for 22 h before slaughter and transported to the 
abattoir 16 h before to slaughter. During transportation and holding at the 
abattoir, unfamiliar pigs were not mixed. Additionally, minimal force was used to 
move MSH pigs into the stunning area of the abattoir during slaughter. Pigs 
receiving NSH were held without feed for 12 h before slaughter, mixed before 
transportation, and brought to the abattoir and slaughtered within 2 h of mixing. 
This resulted in fighting among pigs that continued until time of slaughter.
The experimental period was divided into early and late finishing periods. 
Early finishing diets were fed from 51 to 80 kg BW, and late finishing diets were 
fed from 80 to 109 kg of BW. The experimental diets (Table 3.1) were 
formulated to 105% of the NRC (1998) true ileal digestible requirement for lysine 
in the early (0.609%; 50 to 80 kg) and the late finishing (0.473%; 80 to 120 kg) 
barrow with an expected lean growth rate of 300 g/d. The other essential amino 
acids met or exceeded an amino acid pattern (NRC, 1998) in relation to lysine. 
All other nutrients met or exceed NRC (1998) requirements. Pigs were provided 
feed and water on an ad libitum basis and housed in a curtain-sided building 
with totally-slotted concrete floors. Pigs and feeders were weighed weekly for 
calculation of average daily gain (ADG), average daily feed intake (ADFI), feed
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Table 3.1. Compositions of early and late finishing basal diets, as-fed basis
Ingredient Early finishing Late finishing
Corn 67.01 72.30
SBM, 48% CP 14.65 9.26
Wheat midds 15.00 15.00
Monocalcium phosphate 0.34 0.45
Limestone 1.20 1.19
Sodium bentonite 0.50 0.50
Trace minerals* 0.10 0.10
Selenium premix b 0.05 0.05
Salt 0.50 0.50
Vitamins c 0.38 0.38
Cornstarch 0.275 0.275
Calculated comoositiond
Crude protein, % 14.91 12.79
Lysine, % 0.61 0.47
Tryptophan, % 0.15 0.12
Threonine, % 0.46 0.39
Total sulfur AA, % 0.47 0.42
Ca, % 0.60 0.60
P, % 0.50 0.50
Choline, mg/kg 994 879
ME, kcal/kg 3,241 3,239
NE, kcal/kg 2,135 2,153
a Trace mineral premix provided the following per kilogram of diet: Zn, 127 mg; 
Fe, 127 mg; Mn, 20 mg; Cu, 12.7 mg; I, 0.80 mg, as zinc sulfate, ferrous sulfate, 
manganese sulfate, copper sulfate, ethylenediamine dihydriodide, respectively 
with calcium carbonate as the carrier. 
b Provided 0.3 mg of Se per kilogram of diet.
c Vitamin premix provided the following per kilogram of diet: vitamin A, 8,267 III; 
vitamin D, 2,480 III; vitamin E, 66 III; menadione (as menadione pyrimidinol 
bisulfite) 6.2 mg; riboflavin, 10 mg; Ca-d-pantothenic acid, 37 mg; niacin, 66 mg; 
vitamin B12, 45 /zg; d-biotin, 331 /zg; folic acid, 2.5 mg, pyridoxine, 3.31 mg; 
thiamin, 3.31 mg; and vitamin C, 83 £tg.
d Calculated composition is based on the NRC (1998). All amino acid values are 
on a true ileal digestible basis.
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efficiency, and to determine when to adjust pen dimensions. The experiment 
was conducted from July 14, 1999 to November 1, 1999.
Plasma Collection and Analyses
Blood samples were collected at slaughter during exsanguination in 7-mL 
vacutainer tubes containing 14 mg potassium oxalate and 17.5 mg sodium 
flouride. After collection of blood, samples were refrigerated at 2°C for 
approximately 3 hr, and then centrifuged for 30 min at 1,500 * g  at 4°C. Plasma 
was collected and frozen (~20°C) until subsequent analyses for urea N and 
cortisol. Urea N was determined by the methods of Laborde et al. (1995). 
Cortisol was determined using a RIA kit (Cortisol 125l RIA Kit, ICN Biochemicals, 
Inc., Costa Mesa, CA 92626). The intra-assay CV for cortisol determined with a 
porcine plasma pool was 5.6%.
Carcass Evaluation
Pigs were slaughtered at the Louisiana State University Agricultural 
Center Meats Laboratory. They were killed by electrical stunning followed by 
exsanguination. The pigs were slaughtered by pen when the pen average 
approached slaughter weight (109 kg). On the day of slaughter, hot carcass 
weight was collected for determination o f dressing percentage. Carcass 
measurements and values from total body electrical conductivity (TOBEC; Model 
MQI-27: Meat Quality Inc., Springfield, IL) analysis (for calculation of fat free 
lean and fat content in the carcass) were obtained after a 20-h chill at 2°C. The 
carcass measurements (obtained from the left side of the carcass) included loin 
muscle area, first-rib backfat thickness, 10m-rib V* backfat thickness, last-rib
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backfat thickness, last lumbar vertebrae backfat thickness, carcass length, 
muscle score, and pork quality scores. The left side of the carcass also was 
used for TOBEC analysis (Higbie, 1997).
Loin muscle area, average backfat, and tenth-rib V* backfat thickness 
were determined as described by Matthews et al. (1998). Butt-fat thickness was 
measured beneath the femur bone in the butt face of the ham from the interior 
edge of the subcutaneous fat on a straight line to the outer skin surface and 
perpendicular to the outer skin surface. Fat free lean and total fat were 
determined by TOBEC analysis. The equation used to calculate kilograms of fat 
free lean was: {[“ 2.164 + (0.172 x carcass length) + (0.164 *  peak TOBEC 
value) - (0.742 x carcass temperature)] x 2); (R2= 0.93). The equation used to 
calculate kilograms of total fat was: {[“ 9.528 + (0.660 x cold carcass side 
weight) + (1.181 x 1 oth rib V* backfat) - (0.132 x peak TOBEC value) + (0.465 x 
carcass temperature)] x 2); (R2 = 0.90). Percentage lean in the carcass was 
calculated by the equation [(fat free lean + hot carcass weight) x 100], and 
percentage fat in the carcass was calculated by the equation [(total fa t+ hot 
carcass weight) x 100], Lean gain per day was determined using the equation: 
[(fat free lean - initial lean) number of days on trial]. Initial lean was 
determined using the equation of Brannaman et al. (1984): [- 1.59 + (0.44 x 
initial BW)]. The equation used to calculate kilograms of ham fat free lean was: 
[2.738 +(0.121 x peak ham TOBEC value) - (0.089 x ham temperature)]; (R2 = 
0.95). The equation used to calculate kilograms of total ham fat was: ["2.393 -
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(0.090 *  peak ham TOBEC value) + (0.671 x ham weight) + (0.072 *  ham 
temperature) + (0.276 x butt fat thickness)]; (R2 = 0.84).
Pork Quality Evaluation
During exsanguination, rectal temperatures were collected. 
Approximately 45 min (left side of carcass) and 24 h (right side of carcass) after 
slaughter, pH and temperature were taken in the loin muscle between the 10lh 
and 11th ribs. The pH of loin muscle was determined using a hand-held pH 
meter (Model 2000; VWR Scientific Products Co., South Plainfield, NJ 07080) 
fitted with a spear-tipped electrode (Catalog # P-05658-60; Cole-Parmer 
Instrument Co., Vernon Hills, IL 60061). After collection of all carcass data, two 
2.54-cm chops were collected from the 9th and 10th ribs. Immediately following 
collection of the chops, Hunter L \ a’, b* values were obtained from three 
orientations on the lO^-rib chop using a Minolta spectrophotometer (Model CM- 
508d; Minolta Corporation, Ramsey, NJ 07446). Pork quality scores (color and 
marbling) also were determined on the 10th rib chop using the guidelines of the 
NPPC (2000). The S^-rib chop was used for determining 48-h drip loss using a 
suspension method. The chops were weighed then suspended using a hook 
and line; while suspended, the chop was placed in a 10.8 x 21.6-cm Whirl-Pak 
sample bag and sealed. Chops were then stored for 48 h at 2°C, then re­
weighed to determine drip loss. The Q^-rib chop was then used immediately to 
determine cook loss and shear force as outlined by Matthews et al. (2001). The 
10^-rib chop was frozen and subsequently used to determine thaw and cook loss 
as outlined by Matthews et al. (2001).
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Statistical Analysis
Data were analyzed by analysis of variance procedures (Steel and 
Torrie, 1980) using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). 
Growth data were analyzed as a randomized complete block design and 
treatment differences were determined using orthogonal contrasts appropriate 
for a 2 x 2 factorial arrangement of treatments. Carcass and pork quality data 
were analyzed as a split plot within a randomized complete block design on the 
whole plot. Final body weight was used as a covariate for all carcass data. The 
pen of pigs served as the experimental unit for the growth data. For the carcass 
and pork quality data in the split plot analysis, the mean of the two randomly- 
selected pigs per pen served as the experimental unit.
Results
Growth
Pigs with IPS had decreased (P < 0.02) ADG during the early finishing, 
late finishing, and overall periods (Table 3.2). Feed intake was decreased (P < 
0.01) in pigs with IPS during the early finishing period, but not in the late 
finishing and overall periods, resulting in a decrease (P < 0.02) in gaimfeed of 
pigs with IPS during the late finishing and overall periods.
Betaine had no affect (P > 0.10) on ADG or ADFI. Pigs fed betaine had 
decreased (P <0.10) gaimfeed during the late finishing period but tended to 
have increased (P = 0.15) gaimfeed during the early finishing period, resulting in 
no effect (P >0.10) in gaimfeed in the overall data. No interactions were 
observed between betaine and pen spacing (P > 0.10).
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Table 3.2. Effect of betaine and pen spacing on growth performance of finishing
________________________________ pigs*_______________________________
Betaine, % 
Item Pen spacing b
0
APS
0
IPS
0.25
APS
0.25
IPS SEM
Early finisher
Daily gain, kg c 0.63 0.58 0.66 0.57 0.02
Daily feed, kg e 2.15 1.96 2.14 1.92 0.06
Gaimfeed d 0.291 0.294 0.309 0.296 0.007
Late finisher
Daily gain, kg • 0.74 0.67 0.72 0.65 0.03
Daily feed, kg 2.96 2.88 2.92 2.97 0.11
Gaimfeed * 0.251 0.233 0.247 0.220 0.005
Overall
Daily gain, kge 0.68 0.62 0.69 0.61 0.02
Daily feed, kg 8 2.49 2.38 2.50 2.38 0.07
Gaimfeed * 0.272 0.260 0.277 0.257 0.006
a Data are the means of five replicates of four pigs per replicate. Average initial 
and final body weights were 51 and 109 kg, respectively. 
bAPS = adequate pen space; IPS -  inadequate pen space. 
c Pen space effect (P < 0.01). 
d Betaine effect (P = 0.15).
• Pen space effect (P < 0.05). 
f Betaine effect (P < 0.10).
8 Pen space effect (P = 0.12).
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Carcass Characteristics
Pigs with IPS had decreased lO^-rib V* backfat thickness (P <0.10) and 
lean gain per day (Table 3.3; P < 0.05). Pigs subjected to NSH had increased 
(P < 0.05) loin muscle area, average backfat thickness, and dressing 
percentage. Pigs fed betaine had decreased (P <0.10) carcass length. No 
other carcass or ham measurements were affected (P >0.10) by betaine, pen 
spacing, or slaughter handling, and no interactions were observed (P > 0.10). 
Pork Quality
Pigs with IPS had increased (P <0.10) ultimate pH, subjective color, cook 
loss (fresh and frozen chop), and shear force but decreased (P <0.10) rectal 
temperature, longissimus dorsi L \ biceps femoris b \ and drip loss (Table 3.4). 
Pigs subjected to NSH had increased (P <0.10) rectal temperature, longissimus 
b*, and total loss (fresh chop). Pigs fed betaine had increased (P < 0.01) initial 
pH but decreased (P < 0.10) drip loss. Cook and total loss (frozen chop) were 
decreased in pigs fed betaine with APS, but increased in pigs fed betaine with 
IPS (Table 3.5; betaine by pen space, P < 0.01).
Plasma cortisol was decreased (P < 0.01) but urea N was increased (P < 
0.01) in pigs subjected to MSH, but betaine and pen spacing had no affect (P > 
0.10) on plasma cortisol or urea N (Table 3.4). Plasma urea nitrogen was 
decreased in pigs fed betaine with APS, but increased in pigs fed betaine with 
IPS (Table 3.5; betaine by pen space, P < 0.01).
49
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
w
ithout perm
ission.
Table 3.3. Main effects of betaine, pen spacing, and slaughter handling on carcass traits of finishing pigs*
Item
~■ — — — ! i--> - - ' i---- " -c :
Betaine. %
n  . - - a -
Pen spaceD Wholeplot
SEM
Handling Splitplot
SEM0 0.25 APS IPS Minimal Normal
Carcass measurements
Loin muscle area, cm2 43.99 43.83 43.80 44.02 1.14 42.38 “  45.43 0.52
Tenth rib V* fat, cm 1.89 1.98 2.08 t  1.79 0.09 1.89 1.98 0.05
Average backfat, cm 2.31 2.41 2.46 2.27 0.07 2.27 * 2.45 0.05
Carcass length, cm 82.06 t 81.24 81.66 81.64 0.39 81.98 81.32 0.32
Dressing percentage, % 74.48 74.17 74.66 73.99 0.30 73.53 “  75.12 0.22
Fat-free lean, kg 44.08 43.39 44.01 43.45 0.67 43.59 43.88 0.45
Total fat, kg 21.82 21.97 22.53 21.26 0.69 21.64 22.15 0.34
Lean.fat 2.07 2.03 1.98 2.12 0.10 2.08 2.02 0.05
Percentage lean, % 54.12 53.55 53.84 53.82 0.72 54.28 53.38 0.51
Percentage fat, % 26.68 26.94 27.57 26.04 0.86 26.73 26.88 0.40
Lean gain per day, g 258 251 277 * 232 9 255 254 5
Muscling score 2.49 2.48 2.49 2.49 0.07 2.48 2.50 0.03
Ham measurements
Weight, kg 10.20 10.14 10.18 10.15 0.18 10.18 10.15 0.07
Fat-free lean, kg 6.67 6.67 6.66 6.68 0.14 6.62 6.72 0.06
Total fat, kg 1.92 1.90 1.95 1.88 0.13 1.95 1.88 0.05
Percentage lean, % 65.58 65.76 65.44 65.89 1.11 65.22 66.11 0.47
Percentage fat, % 18.74 18.74 19.06 18.42 1.08 18.97 18.51 0.40
Butt-fat thickness, cm 1.39 1.44 1.48 1.36 0.11 1.39 1.45 0.06
* Data are the means of 10 replicates of four pigs per replicate (whole plot), or 20 replicates of two pigs per replicate 
(split plot). All data were analyzed with final body weight as a covariate. The covariate was significant (P <0.10) in 
the carcass and ham fat-free lean weight and ham weight data. 
bAPS = adequate pen space; IPS = inadequate pen space.
$ = P < 0.10; * = P < 0.05; "  = P < 0.01.
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Table 3.4. Main effects of betaine, pen spacing, and slaughter handling on pork quality of finishing pigs*
Item
w .  — — 1 r - — _" . ' a
Betaine, %
II —  --------- ’  --T - -  .
Pen spaceb Wholeplot Handling Splitplot
SEM0 0.25 APS IPS SEM Minimal Normal
Initial pH 6.06 ~ 6.25 6.21 6.11 0.06 6.15 6.16 0.06
Initial temperature, C 38.9 38.8 38.8 38.9 0.2 38.0 * * 39.7 0.1
Initial time, min 54 52 56 * * 50 1 55 t 51 1
Ultimate pH 5.56 5.54 5.53 * 5.57 0.02 5.56 5.54 0.01
Ultimate temperature, C 0.67 0.73 0.68 0.72 0.12 0.55 ++ 0.84 0.04
Ultimate time, h 25.45 25.47 25.37 25.56 0.34 26.12 ** 24.80 0.05
Rectal temperature, C 41.3 40.9 41.6 * 40.6 0.4 40.0 +* 42.2 0.2
Color 2.38 2.41 2.20 ** 2.59 0.11 2.44 2.35 0.08
Marbling 1.79 1.95 1.84 1.90 0.13 1.95 1.79 0.09
Loin muscle L* 53.90 53.40 54.98 ♦ * 52.32 0.69 52.82 54.48 0.83
a* 4.87 4.03 4.31 4.59 0.57 4.24 4.66 0.18
b* 10.69 10.04 10.64 10.09 0.53 9.94 t 10.79 0.29
Biceps femoris L* 47.41 47.80 47.98 47.22 0.82 47.16 48.05 0.50
a* 6.00 5.59 5.78 5.82 0.38 5.94 5.65 0.26
b* 9.00 8.96 9.26 t 8.70 0.31 9.01 8.96 0.16
Fresh chop
Drip loss, % 7.24 t 6.47 7.68 ** 6.03 0.39 6.23 7.49 0.55
Cook loss, % 18.17 18.14 17.18 * 19.13 0.74 17.73 18.58 0.58
Total loss, % 25.41 24.61 24.86 25.16 0.88 23.95 t 26.07 0.71
Shear force, kg 3.63 3.74 3.40 t 3.97 0.30 3.59 3.77 0.11
Frozen chop
Purge loss, % 16.44 16.99 16.77 16.67 0.46 16.61 16.83 0.39
Cook loss, % 16.86 16.44 16.19 * 17.12 0.39 16.76 16.55 0.53
Total loss, % 33.31 33.44 32.96 33.79 0.62 33.37 33.38 0.65
Plasma
Cortisol, pg/L 13.4 11.4 12.1 12.7 1.4 7.2 ** 17.6 1.1 •
Urea N, mmol/L 4.02 4.22 4.10 4.13 0.13 4.29 *+ 3.94 0.06
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(table continued)
■ Data are the means of 10 replicates of four pigs per replicate (whole plot) or 20 replicates of two pigs per replicate 
(split plot).
bAPS = adequate pen space; IPS = inadequate pen space. 
t  = P< 0.10; *=  P < 0.05; ** = P < 0.01.
Table 3.5. Interactive effects of betaine and pen spacing * ______________
Betaine (BET), % 0 0 0.25 0.25
Item Pen spacingb________ APS IPS APS IPS SEM
Frozen chop
Cook loss, % e 17.11 16.62 15.27 17.62 0.55
Total loss, % e 33.86 32.77 32.06 34.81 0.88
Urea N. mmol/L______________ 4.24 3.79 3.97 4.47 0.18
* Data are the means of five replicates of four pigs per replicate. 
bAPS = adequate pen space; IPS = inadequate pen space. 
c Betaine by pen space effect (P < 0.01).
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Discussion
Growth
Numerous reports have indicated decreased ADG and ADFI of pigs 
subjected to IPS (Edmonds etal., 1998; Brumm and Miller, 1996; Paterson and 
Pearce, 1991), and for the most part, our data are in agreement. Some research 
has indicated that gaimfeed is not affected (Ward etal., 1997; Brumm and Miller, 
1996), whereas others have reported a decrease in gaimfeed of pigs subjected 
to IPS (Edmonds et al., 1998; Paterson and Pearce, 1991). Our data show that 
gaimfeed was not affected by pen space during the early finishing period, but it 
was decreased in pigs with IPS during the late finishing and overall periods.
This response was due to an increase in ADFI of pigs with IPS during the late 
finishing period. The faster growth rate of pigs with APS resulted in these pigs 
reaching slaughter weight earlier. The pigs with IPS were fed for a longer period 
of time during cooler weather, which may explain the discrepancy between the 
ADFI data in the early and late finishing periods.
Betaine did not affect overall growth. However, gaimfeed tended to be 
increased in the early finishing period but decreased in the late finishing period 
in pigs fed betaine. Kitt et al. (1999) reported that betaine had no effect on 
growth performance of pigs with IPS or APS, and our data are in agreement. 
Betaine has been shown to improve energy utilization (Campbell et al., 1997b; 
Casarin etal., 1997; Matthews etal., 1998; Cromwell etal., 1999), and that this 
may be due to a reduction in the maintenance energy requirement of pigs fed 
betaine. However, our current data and that of Kitt et al. (1999) would suggest
54
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
that betaine does not improve energy utilization in pigs with IPS, which is in 
agreement with previous reports that indicate energy utilization is not improved 
in pigs with IPS when the energy density o f the diet is increased (Brumm and 
Miller, 1996).
Carcass Data
Our data indicate that reducing pen space of pigs resulted in decreased 
10th rib V* backfat thickness and lean gain. Similar results have previously been 
reported (Ward etal., 1997; Brumm and Miller, 1996). Edmonds etal. (1998) 
reported a decrease in dressing percentage of pigs with IPS in one of two trials; 
however, our data indicated no effect of pen spacing on dressing percentage, 
which agrees with many of the reports in the literature.
Limited, if any, research is available that assesses the effect of pre- 
slaughter handling on carcass traits. Our data indicated that MSH decreased 
dressing percentage, average backfat, and loin muscle area. Warriss (1982) 
reported that when feed was withdrawn 1, 16, or 24 h before slaughter, dressing 
percentage was decreased in pigs that had feed withdrawn 24 h compared with 
pigs that had feed withdrawn 1 h before slaughter (pigs with feed withdrawn 16 h 
before slaughter were intermediate). Warriss (1982) reported no effect of feed 
withdrawal on backfat thickness, which does not agree with our data. In our 
research, pigs with MSH had feed withdrawn 22 h before slaughter and pigs with 
NSH had feed withdrawn 12 h before slaughter. Based on the report of Warriss 
(1982), the 10 h difference in feed withdrawal could explain the difference in 
dressing percentage. Bowland and Standish (1966) reported that backfat was
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not decreased in pigs until feed had been withdrawn for 48 h and withdrawal of 
feed for up to 48 h had no effect on loin muscle area. However, in our data, 
backfat was decreased by 7.6% and loin muscle area was decreased by 6.9% in 
pigs held without feed for 22 h compared with 12 h, and we have no explanation 
for this effect.
The effect of betaine on carcass traits has been inconsistent. Numerous 
reports indicate that betaine may decrease fat deposition (Cadogan etal., 1993; 
Casarin et al., 1997; Matthews et al., 2001) and increase carcass lean (Casarin 
etal., 1997; Cromwell etal., 1999; Matthews etal., 2001). However, other 
reports indicate that betaine does not affect carcass traits (Webel, 1994; 
Matthews et al., 1998; Overland et al., 1999). Still other reports indicate that lean 
and fat traits of pigs may be affected in pigs fed betaine depending on the 
energy level or lysinexalorie ratio of the diet (Haydon etal., 1995; Matthews et 
al., 1998). Little research has been conducted to evaluate the interactive effect 
of dietary betaine and pen space on carcass traits in pigs. Kitt et al. (1999) 
reported that lean gain was increased in pigs fed betaine with IPS, but not in 
pigs with APS. Furthermore, Kitt et al. (1999) reported that shoulder weight was 
increased in pigs fed betaine, regardless of pen space. In the present study, 
betaine had no effect on carcass or ham leanness and no interactions were 
observed. However, betaine did decrease carcass length, which disagrees with 
previous reports of increased carcass length of pigs fed betaine (Matthews et al., 
1998; Matthews etal., 2001).
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Pork Quality
Little, if any, research has directly evaluated the effect of pen spacing on 
pork quality. Our data indicate that pigs with IPS had improved pork quality as 
assessed by increased ultimate pH and subjective color, and decreased L* and 
drip loss. Warriss et al. (1983) reported darker pork color in pigs reared in 
enriched (450 m2/12 or 18 pigs) vs intensive (1.2 m2 /pig) conditions. Enfalt et 
al. (1993) reported the effect of exercising pigs on pork quality and indicated that 
pigs allowed to exercise had paler meat and increased drip loss. However, pigs 
in the intensive treatments of Enfalt et al. (1993) and Warriss et al. (1983) had 
more pen space per pig than our APS treatment. The improvements in pork 
quality in the our research could be due to a reduction in stress at slaughter, 
which was indicated by a reduction in rectal temperature of pigs with IPS. It 
might be expected that pigs with IPS would have increased plasma cortisol due 
to increased stress; however, plasma cortisol concentrations were similar among 
pigs receiving either APS or IPS, indicating that pigs receiving IPS may have 
adjusted to stress during the experiment.
Previous research has indicated that cattle with slower growth rates have 
decreased tenderness (Fishell etal., 1985), which is in agreement with the 
results of our study, which showed that pigs with IPS (slower growth rates) had 
increased shear force. Fishell et al. (1985) reported that this decrease in 
tenderness of slower growing cattle was due to more intermolecular cross-links 
of collagen in the muscle tissue.
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The goal of the two pre-slaughter handling treatments was to determine if 
the level of stress at slaughter affects the response of betaine on pork quality. 
The results of the pre-slaughter handling treatments generally indicate that 
stress was lower in pigs receiving MSH as accessed by reduced plasma cortisol 
and a reduction in rectal temperature. Although MSH only resulted in decreased 
total loss, both fresh chop drip and cook loss were numerically decreased 
resulting in the 8.5% reduction in total loss. Increased time of feed withdrawal, 
increased amount of time at the lairage, and elimination of mixing unfamiliar pigs 
before slaughter were practices we used to reduce pre-slaughter stress and 
improve pork quality. Previous research has indicated that these practices could 
improve pork quality (Jones et al., 1994; De Smet et al., 1996; Milligan et al., 
1998). Furthermore, urea N was increased in pigs receiving MSH, which may be 
a result of the amount of time these pigs had feed withdrawn. The MSH pigs 
had feed withdrawn for 10 h more than pigs receiving NSH, thus they may have 
been mobilizing more protein stores, which is evident in the urea N data.
Previous research indicated that subjective color was paler in pigs fed 
betaine but betaine has been reported to have no effect on subjective marbling 
and firmness-wetness, or on sensory quality (Matthews etal., 1998; 0verland et 
al., 1999). Matthews et al. (2001) reported that L’ was decreased in the biceps 
femoris of pigs fed betaine. However, we did not observe any effects on color 
(subjective or objective) of pigs fed betaine in the loin muscle or biceps femoris 
muscle in the current study.
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Matthews et al. (2001) reported that ultimate pH was increased in pigs fed 
betaine; however in the current research, initial pH was increased in pigs fed 
betaine. Although, pH was affected at different times (initial vs ultimate) in these 
two studies, it seems that betaine may affect pH. The increase in initial pH in 
pigs fed betaine may indicate that the rate of pH decline is slower in pigs fed 
betaine. Decline in pH is mainly due to accumulation of lactic acid. During 
conditions of rapid pH decline, lactic acid accumulation can result in protein 
denaturation leading to decreased water binding capacity. This is evident in our 
pH and drip loss data. Interestingly, Warren etal. (1999) reported that plasma 
lactate concentrations were decreased after exercise in untrained-horses 
supplemented with betaine. These data indicate that betaine affects lactic acid 
metabolism.
Previous research has indicated that betaine increased thaw loss, but 
decreased cook loss in frozen chops of pigs (Matthews et al., 2001); however, 
we are unaware of any research on the effect of betaine on conventional drip 
loss of fresh pork. Our data indicate that drip loss in fresh pork was decreased 
by 11 % in pigs fed betaine. Furthermore, our data indicate an interactive effect 
between betaine and the amount of pen space on cook and total loss of frozen 
pork, whereby cook loss was decreased in pigs fed betaine with APS, but 
increased in pigs with IPS.
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CHAPTER 4
INTERACTIVE EFFECTS OF BETAINE AND EXCESS DIETARY ZINC ON 
GROWTH PERFORMANCE AND PLASMA UREA NITROGEN, ALBUMIN, AND 
ZINC CONCENTRATIONS IN WEANLING PIGS
Introduction
The use of excess dietary Zn in weanling pig diets is a common practice 
because it consistently improves growth performance. A review of the literature 
indicates that 3,000 ppm of excess Zn as Zn oxide has been shown to improve 
growth performance of weanling pigs (Fryer et al., 1992; Hahn and Baker, 1993; 
LeMieux, 1996).
However, very little research has been conducted to evaluate the effects 
of betaine in weanling pigs. Shurson et a/. (1994) reported no improvements in 
growth performance of weanling pigs fed 0.10% betaine. Virtanen (1992) 
reported that betaine increased average daily gain (ADG) and average daily 
feed intake (ADFI) of weanling pigs, but most of this response occurred during 
the first 2 wk post-weaning. LeMieux (1996) reported that ADG of pigs fed 
0.10% betaine was similar to that of pigs fed 3,000 ppm excess Zn during the 
first week post-weaning; however, no interactions between Zn and betaine were 
observed.
In summary, excess dietary Zn (as Zn oxide) improves weanling pig 
performance, and betaine also may affect weanling pig performance. Additional 
research needs to be conducted to further evaluate the interactive effects of 
betaine and excess dietary Zn. Thus, an experiment was conducted to 
determine the interactive effects of dietary betaine and excess Zn.
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Materials and Methods 
The procedures used in these experiments were approved by the 
Louisiana State University Animal Care and Use Committee.
One-hundred twenty-six weanling pigs were allotted to one of five 
treatments in a randomized complete block design. Allotment to treatments was 
based on weight and ancestry, and gender was equalized across treatments. 
Each treatment was replicated four times with five or six pigs per replicate. 
Average initial and final BW were 5.9 and 13.8 kg, respectively. Pigs were 
weaned at an average of 20 d. Dietary treatments were in a 2 * 3 factorial 
arrangement with two levels of excess Zn (0 or 3,000 ppm) and three levels of 
betaine (0, 0.10, or 0.20%). The basal diet (Table 4.1) met or exceed the 
nutrient requirements of weanling pigs (NRC, 1998). Pigs were housed in an 
environmentally-controlled, modular building, with an under-floor flush system, 
and hard plastic slotted floors in 0.97 x 1,47-m pens, and feed and water were 
provided on an ad libitum basis.
On Day 26 of the experiment, three pigs were randomly selected from 
each pen and a 2-mL blood sample was collected via the anterior vena cava 
(pigs had access to feed). Blood samples were pooled among pigs in a pen and 
collected in a 7-mL vacutainer containing 14.0 mg potassium oxalate and 17.5 
mg sodium flouride. Blood samples were placed on ice for 2 h, and then 
centrifuged for 15 min at 1,500 x g at 4°C. Plasma was collected and frozen 
(“ 20°C) until subsequent analysis for urea N, albumin, and Zn. Urea N and 
albumin concentrations were determined by the methods of Laborde et al.
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Table 4.1. Compositions of basal diets, as-fed basis
Ingredient Phase 1 Phase 2
% %
Corn 39.66 53.65
Soybean meal (48.5% CP) 20.70 21.13
Whey 15.00 10.00
Lactose 5.00 -
AP 920 * 5.00 -
Fishmeal, menhaden 8.00 8.00
Dry fa tb 3.00 3.00
Monocalcium phosphate 0.67 1.00
Limestone 0.47 0.47
Sodium bentonite6 0.50 0.50
Trace minerals d 0.10 0.10
ZMC-Fe • 0.10 0.10
Se premixf 0.05 0.05
Salt 0.25 0.50
Vitamins 8 0.50 0.50
L-lysine • HCI 0.05 0.10
DL-methionine 0.129 0.071
Antibiotic h 0.75 0.75
Flavor* 0.075 0.075
Calculated comoosition
Crude protein 23.88 20.78
Lysine 1.60 1.30
Met + Cys 0.96 0.78
Calcium 0.90 0.90
Phosphorus 0.80 0.80
a Spray-dried animal plasma, American Protein Corporation, Ames, IA 50010. 
b Fat Pak 100, Milk Specialties Co., Dundee, IL. 
c AB-20, provided by Prince Agri Products, Inc, Quincy, IL 62306. 
d Provided the following per kilogram of diet Zn (zinc sulfate), 127; Fe (ferrous sulfate 
monohydrate), 127; Mn (manganous sulfate), 20; Cu (copper sulfate), 12.7; I (calcium 
iodate), 0.80 mg.
e Provided the following per kilogram of diet as proteinates: Zn, 40 mg; Mn, 7.5 mg; Cu, 
6 mg; Fe, 25 mg (Ducoa L. P., Highland, IL 62249). 
f Provided 0.3 mg Se per kilogram of diet.
9 Provided the following per kilogram of diet: vitamin A, 11,023 IU; vitamin D, 3,307 IU; 
vitamin E, 88 IU; menadionine (menadionine pyrimidinol bisulfite) 8.3 mg; riboflavin, 13 
mg; pantothenic acid, 50 mg; niacin, 88 mg; vitamin B12, 61 /*g; biotin, 441 ^g; choline 
(as choline chloride), 882 mg; folic acid, 3.3 mg, pyridoxine, 4.41; thiamin, 4.41; and
vitamin C, 110 ng.
h Neo-Terra 10/10, Oxytetracycline (from oxytetracycline quaternary salt) equivalent to 
oxytetracycline hydrochloride 22g/kg (Nutra Blend Corporation, Neosho, MO 64850).
' Dried strawberry, Feed Flavors, Inc., Wheeling, IL 60090.
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(1995). Plasma Zn concentrations were determined using atomic absorption 
spectrophotometry.
Data were analyzed by analysis of variance procedures (Steel and Torrie, 
1980) using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC) as a 
randomized complete block design with a 2 » 3  factorial arrangement of 
treatments. The pen of pigs served as the experimental unit for all data.
Results
Average daily gain and ADFI were increased (P <0.10) in pigs fed excess 
Zn during the Phase 1, Phase 2, and overall periods, but gaimfeed was only 
increased in the Phase 1 and overall periods (Table 4.2). Plasma Zn and urea N 
concentrations were increased (P < 0.10) in pigs fed excess Zn.
Betaine increased ADG in the presence of excess Zn, but decreased 
ADG in the absence of excess Zn during the Phase 1 and overall periods 
(betaine linear x Zn, P < 0.10). Similarly, gaimfeed was increased in the 
presence of excess Zn, but decreased in the absence of excess Zn during the 
Phase 1 period (betaine linear x Zn, P < 0.10). Pigs fed 0.10% betaine had 
decreased (betaine quadratic, P < 0.09) ADFI during the Phase 2 period.
Discussion
As expected, excess Zn (as Zn oxide) improved growth performance. 
Similar results previously have been reported (Fryer et al., 1992; Hahn and 
Baker, 1993; LeMieux, 1996).
The focus of this study was to determine if interactive effects between 
betaine and excess dietary Zn exist. The results indicate that an interactive
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Table 4.2. Effect of betaine and excess Zn on growth performance of weanling pigs *
Item Betaine, % 0 0.10 0.20 0 0.10 0.20
Excess Zn, ppm 0 0 0 3,000 3,000 3,000 SEM
Dav 0-12 (Phase 11
Average daily gain, g/d ** 154 129 124 167 173 225 16
Average daily feed, g/d * 292 267 266 301 303 343 20
Gain.feed, g:kg * 526 480 468 559 571 658 44
Dav 12-26 /Phase 21
Average daily gain, g/de 412 391 397 458 431 455 19
Average daily feed, g/d " 717 605 639 727 676 719 32
Gain:feed, g:kg 580 656 623 639 638 632 25
Overall /Dav 0-261
Average daily gain, g/d ta 293 270 271 324 312 349 13
Average daily feed, g/dc 508 446 461 530 504 545 25
Gain:feed, g:kge 584 610 590 616 620 640 20
Plasma Dav 26
Zn, ug/mLc 0.559 0.556 0.603 0.934 0.871 0.891 0.056
Urea nitrogen, mmol/Lc 4.65 4.33 4.58 5.84 5.07 4.91 0.44
Albumin, g/L 25.3 25.1 24.5 26.6 25.9 26.0 1.3
■ Data are the means of four replicates of five or six pigs per replicate. Average initial and final body weight were 5.9 
and 13.8 kg.
b Betaine linear * Zn: (P < 0.10). 
c Zn: (P < 0.09).
6 Betaine linear * Zn: (P = 0.11).
• Betaine quadratic: (P < 0.09).
effect does exist whereby betaine increased ADG in the presence of excess Zn, 
but decreased ADG in the absence of excess Zn. The most pronounced effect 
was during the Phase 1 period. Virtanen (1992) reported that betaine increased 
ADG of weanling pigs, but most of this response occurred during the first 2 wk 
post-weaning. The level of Zn supplementation was not included in this study. 
LeMieux (1996) reported that ADG of pigs fed 0.10% betaine in the absence of 
excess Zn was similar to that of pigs fed 3,000 ppm excess Zn during the first 
week post-weaning. Both of these reports are consistent with our data in 
respect to timing of response - during the first 2 wk post-weaning. During the 
first 2 wk post-weaning, stress on pigs is at a maximum, especially affecting gut 
health and nutrient absorption. Betaine also has been shown to improve growth 
performance of coccidiosis-infected chicks fed betaine (Matthews et at., 1997). 
Coccidiosis also results in a stress affecting gut health and nutrient absorption, 
so it is not surprising to only see this response of betaine during the first 2 wk 
post-weaning.
Our data are inconsistent with that of LeMieux (1996) in the respect that 
betaine did not illicit a response when fed in the absence of excess Zn in our 
data, and we have no explanation for this discrepancy. In summary, results from 
this experiment indicate that betaine and excess Zn have an additive effect when 
fed to weanling pigs during the first 2 wk post-weaning.
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CHAPTERS
BETAINE AS A PARTIAL REPLACEMENT FOR METHIONINE IN WEANLING
PIG DIETS
Introduction
The demand for adding crystalline amino acids to diets for weanling pigs 
has become increasingly prevalent as starter diets have become more complex. 
Particularly, the addition of spray-dried porcine plasma in these complex diets 
can result in the need for supplemental methionine (Kats et al., 1994).
Methionine has three basic functions: 1) utilization fo r protein synthesis,
2) conversion to S-adenosylmethionine (SAM), or 3) conversion of SAM to 
cystathionine, cysteine, or derivatives of cysteine (Finkelstein and Mudd, 1967). 
With the latter two functions in mind, methionine is converted to SAM, to S- 
adenosylhomocysteine, and then to homocysteine (Finkelstein and Mudd, 1967). 
Homocysteine then has one of two fates: 1) reconversion to methionine by either 
the betaine or tetrahydrofolate pathway, or 2) irreversible conversion to cysteine 
(Finkelstein and Mudd, 1967).
Campbell etal. (1995) reported that betaine could spare methionine in 
finishing pigs for purposes other than protein synthesis. Emmert et al. (1998) 
reported that the activity of betaine-homocysteine methyltransferase (BHMT), 
the enzyme responsible for catalyzing the conversion of homocysteine to 
methionine via betaine, was not substantially affected in pigs fed betaine in a 
methionine-deficient diet. However, the research assessing the ability of 
betaine to spare methionine in pigs is limited and inconclusive. With the 
increasing inclusion of crystalline methionine in diets for pigs, the value of
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dietary betaine in replacing a portion of the methionine requirement should be 
evaluated. Thus, we conducted a series of studies to develop a diet that would 
respond to dietary methionine addition, and to evaluate the ability of betaine to 
replace methionine in diets for weanling pigs.
Materials and Methods
General
The experimental methods used in these experiments were approved by 
the Louisiana State University Animal Care and Use Committee. A mixture of 
crossbred and Yorkshire purebred pigs was used in all experiments. Allotment 
to treatments was based on weight and ancestry, and gender was equalized 
across treatments. All experiments were randomized complete block designs. 
The same source of betaine (Betafin-BCR; Finnsugar Bioproducts Inc., 
Schaumburg, IL 60173-5008) was used in each study. The basal diets used in 
each study were formulated to meet the requirements for all amino acids except 
total sulfur amino acids (TSAA) based on an ideal amino acid pattern (Baker, 
1994). All other nutrients were formulated to meet or exceed NRC (1998) 
requirements. Pigs were housed in an environmentally controlled, modular 
building, with an under-floor flush system, and hard plastic slotted floors in 0.97 
x 1.47-m pens, and feed and water were provided on an ad libitum basis.
Experiment 1. One-hundred twenty-five weanling pigs were allotted to 
five dietary treatments. Each treatment was replicated five times with five pigs 
per replicate. Average initial and final BW were 5.5 and 14.1 kg, respectively. 
Pigs were weaned at an average of 20 d. Dietary treatments included a basal
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diet (Table 5.1) or the basal diet plus 0.05 or 0.10% methionine or betaine 
during Phase 1, and 0.035 or 0.07% methionine or betaine during Phase 2, 
respectively. The basal diets were formulated to lysine levels of 1.60 and 1.30% 
in the Phase 1 and 2 periods, respectively. Total sulfur amino acid 
concentrations of the basal diet were formulated to be 0.10 or 0.07% deficient in 
the Phase 1 and Phase 2 periods, respectively, according to an ideal amino acid 
pattern (Baker, 1994). The nutrient composition in Table 5.1 was obtained using 
swine NRC (1998) nutrient composition of the ingredients. Phase 1 diets were 
fed from 0 to 7 d post-weaning, and Phase 2 diets were fed from 7 to 28 d post- 
weaning.
Experiment 2. One-hundred twenty-five weanling pigs were allotted to 
five dietary treatments. Each treatment was replicated five times with five pigs 
per replicate. Average initial and final BW were 6.1 and 13.8 kg, respectively. 
Pigs were weaned at an average of 22 d. Dietary treatments included a basal 
diet (Table 5.1; 0.75 and 0.70% TSAA in the Phase 1 and Phase 2 periods) or 
the basal diet plus 0.052, 0.104, 0.156, or 0.208% methionine during the Phase 
1 period, or 0.050, 0.100, 0.150, or 0.200% methionine during the Phase 2 
period. Diets were formulated to lysine levels of 1.60 and 1.50% lysine in the 
Phase 1 and 2 periods, respectively. Amino acid analysis indicated lysine 
concentrations of 1.49 and 1.56%, and TSAA concentrations of 0.74% in the 
Phase 1 and 2 basal diets. Phase 1 diets were fed from 0 to 7 d post-weaning, 
and Phase 2 diets were fed from 7 to 22 d post-weaning.
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Experiment 3. One-hundred fifty-five weanling pigs were allotted to five 
dietary treatments. Each treatment was replicated six times with five or six pigs 
per replicate. Average initial and final BW were 4.9 and 10.9 kg, respectively. 
Pigs were weaned at an average of 16 d. Dietary treatments included: 1) basal 
diet (Table 5.1), 2) basal plus 0.05% methionine, 3) basal + 0.10% methionine, 
4) basal + 0.039% betaine, or 5) basal + 0.078% betaine. The additions of 
0.039 and 0.078% betaine were isomolar to the additions of 0.05 and 0.10% 
methionine, respectively. The basal diet was identical to the basal diet used in 
Exp. 2. Amino acid analysis indicated lysine concentrations of 1.49 and 1.53%, 
and TSAA concentrations of 0.76 and 0.77% in the Phase 1 and 2 basal diets, 
respectively. Phase 1 diets were fed from 0 to 8 d post-weaning, and Phase 2 
diets were fed from 7 to 22 d post-weaning.
Experiment 4. One-hundred sixty-eight weanling pigs were allotted to 
eight dietary treatments. Each treatment was replicated four times with five or 
six pigs per replicate. Average initial and final BW were 5.1 and 11.7 kg, 
respectively. Pigs were weaned at an average of19d. A 2 * 2 * 2  factorial 
arrangement of treatments was used with two levels each of betaine (0 or 
0.0565%), methionine (0 or 0.0720%), or cystine (0 or 0.0585%). The additions 
of betaine, methionine, and cystine were isomolar. The basal diet (Table 5.1) 
was formulated to lysine levels of 1.60 and 1.50% lysine and 0.75 and 0.70% 
TSAA for the Phase 1 and 2 diets, and the TSAA concentrations of the basal diet 
were formulated to contain equal amounts of methionine and cystine. Diet 
formulations were based on analyzed amino acid compositions of the ingredients
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 _________________________ Table 5.1. Compositions of basal diets, as-fed basis________________________
________ Exp. 1  Exp. 2 and 3 _________ Exp. 4
Ingredient__________________ Phase 1 Phase 2_______ Phase 1 Phase 2 Phase 1 Phase 2
% % % % % %
Corn 39.32 53.24 51.45 60.08 50.64 61.23
SBM, 48% CP 20.68 21.11 - 10.00 10.00
Whey 15.00 10.00 5.00 5.00 5.00 5.00
Lactose 5.00 - 14.65 4.00 15.00 4.00
AP 920* 5.00 - 8.00 5.00 6.69 4.03
AP 301 Gb - - 2.00 2.00 2.00 2.00
Fishmeal, menhaden 8.00 8.00 5.00 5.33 5.00 3.00
Soy protein concentrate - - 5.49 • 5.00
Dry fate 3.00 3.00 3.00 3.00 3.00 3.00
Casein - - - - 2.39 1.67
Monocalcium phosphate .63 1.02 1.61 1.40 1.37 1.63
Limestone 0.47 0.46 0.87 0.85 0.82 0.95
Sodium bentonite*1 0.50 0.50 • m
Trace minerals • 0.10 0.10 0.10 0.10 0.10 0.10
Selenium premixf 0.05 0.05 0.05 0.05 0.05 0.05
Salt 0.25 0.50 0.25 0.50 0.25 0.50
ZMC-Fe8 0.10 0.10 0.10 0.10 0.10 0.10
Zinc oxide 0.42 0.42 0.42 0.42 0.42 0.42
Vitaminsh 0.50 0.50 0.50 0.50 0.50 0.50
L-lysine »HCI 0.05 0.10 0.17 0.30 0.21 0.32
L-threonine - - 0.06 0.13 0.14 0.18
L-isoleucine - - 0.19 0.19 0.24 0.23
L-tryptophan - - 0.05 0.02 0.06 0.06
L-valine - - - - 0.01
Antibiotic1 0.75 0.75 0.75 0.75 0.75 0.75
Flavor1 0.08 0.08 0.08 0.08 0.08 0.08
Cornstarch 0.10 0.07 0.21 0.20 0.19 0.19
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(table continued)
Nutrient compositionk
Crude protein, % 23.79 20.64 21.11 19.99 20.81 19.41
Lysine, % 1.59 1.25 1.49 (1.49) 1.56(1.53) 1.60 1.50
Methionine, % 0.41 0.39 0.33 (0.34) 0.33 (0.37) 0.375 0.35
Cystine, % 0.44 0.33 0.41 (0.42) 0.41 (0.40) 0.375 0.35
Total sulfur amino acids, % 0.85 0.72 0.74 (0.76) 0.74 (0.77) 0.75 0.70
Ca, % 0.90 0.92 0.90 0.90 0.90 0.90
P, % 0.82 0.82 0.80 0.80 0.80 0.80
Choline, ma/kq 1326 1333 541 877 563 839
• Spray-dried animal plasma, American Protein Corporation, Ames, IA 50010. 
b Blood cells, American Protein Corporation, Ames, IA 50010.
c Fat Pak 100, Milk Specialties Co., Dundee, IL. 
d AB-20, provided by Prince Agri Products, Inc, Quincy, IL 62306.
• Provided the following per kilogram of diet: Zn, 127 mg; Fe, 127 mg; Mn, 20 mg; Cu, 12.7 mg; 1,0.80 mg, as zinc 
sulfate, ferrous sulfate, manganese sulfate, copper sulfate, ethylenediamine dihydriodide, respectively with calcium 
carbonate as the carrier.
1 Provided 0.3 milligrams Se per kilogram of diet.
0 Provided the following in milligrams per kilogram of diet as mineral proteinates: Zn, 40; Mn, 7.5; Cu, 6; Fe, 25 (Ducoa 
L. P., Highland, IL 62249).
h Provided the following per kilogram of diet: vitamin A, 11,023IU; vitamin D, 3,307 IU; vitamin E, 8 8 IU; menadionine 
(menadionine pyrimidinol bisulfite) 8.3 mg; riboflavin, 13 mg; pantothenic acid, 50 mg; niacin, 88 mg; vitamin B12, 61 
ng; biotin, 441 ^g; folic acid, 3.3 mg, pyridoxine, 4.41; thiamin, 4.41; and vitamin C, 110 //g.
‘ Neo-Terra 10/10, Oxytetracycline (from oxytetracycline quaternary salt) equivalent to oxytetracycline hydrochloride 
22g/kg (Nutra Blend Corporation, Neosho, MO 64850).
1 Dried strawberry, Feed Flavors, Inc., Wheeling, IL 60090.
k Amino acid compositions in Exp. 1 are based on NRC (1998), and in Exp. 2 to 4, amino acid compositions are based 
on analyzed values. All other nutrient compositions are based on NRC (1998). The numbers in parentheses are 
analyzed amino acid concentrations for Exp. 3.
used in the diets. Phase 1 diets were fed from 0 to 7 d post-weaning, and Phase 
2 diets were fed from 7 to 21 d post-weaning.
Blood Collection and Analyses
On the final day of each experiment, three pigs were randomly selected 
from each pen and a 2-mL blood sample was collected via the anterior vena 
cava (pigs had access to feed). Blood samples were pooled among pigs in a 
pen and collected in a 7-mL vacutainer containing 14.0 mg potassium oxalate 
and 17.5 mg sodium flouride. Blood samples were placed on ice for 2 h, and 
then centrifuged for 15 min at 1,500 * g  at 4°C. Plasma was collected and 
frozen ("20°C) until subsequent analyses for urea N and albumin (albumin in 
Exp. 1 only). Urea N and albumin concentrations were determined by the 
methods of Laborde et al. (1995).
Amino Acid Analyses
The amino acid compositions of diets (or ingredients) were determined 
after acid hydrolysis; whereas sulfur amino acids were determined following 
performic acid oxidation followed by acid hydrolysis (AOAC, 1990). Tryptophan 
was determined following alkaline hydrolysis (AOAC, 1990).
Statistical Analysis
In each experiment, data were analyzed as a randomized complete block 
design using the GLM procedure of SAS (SAS Inst. Inc., Cary, NC). In Exp. 1, 
the LSD procedure of SAS was used to determine differences among treatment 
means. In Exp. 2, contrasts were used to determine linear and quadratic effects 
of TSAA and to compare the negative control diet to all diets with methionine
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additions (0 vs added methionine). In Exp. 3, contrasts were used to determine 
linear and quadratic effects of TSAA and betaine, and to compare the 0.05% 
methionine level to the 0.039% betaine level. Relative bioavailability value 
(RBV) of betaine was calculated using the three-point slope ratio assay (Littell et 
al., 1995). The RBV of betaine was calculated with average daily gain (ADG) or 
gain:feed as the dependent variable and the 0 and 0.05% additions of 
methionine and the isomolar addition of betaine (0.039%) was used as the 
independent variable. The isomolar level of betaine was considered equal to the 
0.05% level of methionine for the three-point slope ratio assay. In Exp. 4, 
contrasts were used to determine main effects and interactions between betaine, 
methionine, and cystine. The mean separation for the negative control and 
single additions of betaine, methionine, and cystine was accomplished using the 
LSD procedure of SAS. The pen of pigs served as the experimental unit for all 
data.
Results
In Exp. 1, ADG, average daily feed intake (ADFI), and gain:feed were not 
affected (P > 0.10) by diet during the Phase 1, Phase 2, or overall periods, but 
plasma urea N was decreased (P <0.10) in pigs fed 0.05 (0.035)% betaine 
(Table 5.2).
In Exp. 2, ADG was increased (0 vs added methionine, P < 0.07) or 
tended to be increased (0 vs added methionine, P < 0.12) in pigs supplemented 
with methionine during the Phase 1, Phase 2, and overall periods (Table 5.3). 
Feed intake was linearly increased (P <0.10) during the Phase 2 and overall
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Table 5.2. Effect of betaine and methionine on growth performance of weanling pigs fed diets formulated to be 
__________________________deficient in total sulfur amino acids (Exp. 1) * __________ ___________
Item
Betaine, % 
Methionine, %
0
0
0
.05(.035)b
0
0.10(.07)b
.05(.035)b
0
0.10(.07)b
0
Pooled
SEM
Phase 1 (0 to /d)
Daily gain, g 141 152 158 170 166 25
Daily feed, g 248 235 250 289 258 23
Gain.feed, g:kg 562 610 634 574 641 62
Phase 2 (7 to 28d)
Daily gain, g 358 360 364 375 360 18
Daily feed, g 597 575 611 630 608 31
Gain:feed, g:kg 594 641 601 607 589 21
Overall (0 to 28d)
Daily gain, g 303 314 312 335 310 17
Daily feed, g 510 512 521 570 521 26
Gain:feed, g:kg 586 613 609 593 602 19
Plasma
Urea N, mmol/L 5.18c 5.26e 5.10° 4.50 d 5.14c 0.22
Albumin, g/L
i ' ' “ii-____________________
23.4 23.2 23.1 22.0 21.5 1.2
■ Data are the means of five replicates of five pigs per replicate. Average initial and final BW were 5.5 and 14.1 kg. 
b The numbers in parentheses are the levels fed during Phase 2.
Means within a row without common superscripts differ (P < 0.10).
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Table 5.3. Effect of methionine addition on growth performance of weanling pigs fed a diet deficient in total 
_______________________________ sulfur amino acids (Exp. 2  ^*______________________________
Added methionine, % b 0 0.052 (0.05) 0.104 (0.10) 0.156 (0.15) 0.208 (0.20) Pooled SEM
Phase 1 (0 to 7d)
Daily gain, g c 158 187 180 179 179 13
Daily feed, g 230 251 256 237 263 11
Gain.feed, g:kg 683 748 711 767 681 58
Phase 2 (7 to 22d)
Daily gain, g e 405 440 436 454 434 19
Daily feed, g d 639 639 679 699 671 21
Gaimfeed, g:kg 636 688 641 649 646 23
Overall (0 to 22d)
Daily gain, g* 327 360 354 367 351 14
Daily feed, g d 509 516 540 546 546 17
Gain:feed, g:kg 643 697 655 669 640 22
Plasma
Urea N, mmol/Lf 2.76 1.72 1.49 1.57 1.23 0.13
• Data are the means of five replicates of five pigs per replicate. Average initial and final BW were 6.1 and 13.8 kg.
b The basal diet contained 0.74% total sulfur amino acids in the Phase 1 and 2 periods. The numbers in parentheses 
are the levels of methionine added during the Phase 2 period. 
e 0 vs added methionine effect (P < 0.12). 
d Linear effect (P < 0.08).
• 0 vs added methionine effect (P < 0.07). 
f Linear and quadratic effects (P < 0.01).
periods, but it was not affected (P >0.10) during the Phase 1 period. Gain:feed 
was not affected (P >0.10) by diet during the Phase 1, Phase 2, or overall 
periods. Plasma urea N was decreased (quadratic, P < 0.01) as the level of 
TSAA was increased. The TSAA requirement estimate obtained from a two- 
slope, broken-line regression model was 0.80% for plasma urea N.
In Exp. 3, ADG was linearly increased (P < 0.05) by methionine addition 
during the Phase 1, Phase 2, and overall periods (Table 5.4). Feed and TSAA 
intake were increased (quadratic, P < 0.10) by methionine, with pigs fed 0.05% 
methionine having the highest ADFI and TSAA intake during Phase 1. Feed and 
TSAA intake were linearly increased (P <0.10) by methionine addition during 
the Phase 2 and overall periods. Gain:feed was linearly increased (P < 0.05) by 
methionine addition during the Phase 2 and overall periods. Plasma urea N 
concentration was linearly decreased (P < 0.01) by methionine addition.
The addition of betaine did not affect (P > 0.10) growth performance in 
this experiment. Plasma urea N was increased (quadratic, P < 0.01) by betaine, 
with pigs fed 0.039% betaine having the highest urea N concentration. Average 
daily gain (Phase 1), gaimfeed (Phase 1, Phase 2, and overall), and TSAA 
intake (Phase 1) were decreased (P <0.10) in pigs fed 0.039% betaine 
compared with pigs fed 0.05% methionine, but ADG and TSAA intake (Phase 2 
and overall), and ADFI were not different (P > 0.10) in pigs fed 0.039% betaine 
compared with pigs fed 0.05% methionine. Plasma urea N was increased (P < 
0.01) in pigs fed 0.039% betaine compared with pigs fed 0.05% methionine. 
Betaine had a RBV of “ 2.5, 95.7, and 49.9% for ADG, which was due to an
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increase in ADFI (TSAA intake), and this was evident in RBV for gaimfeed 
(“ 142.2, “ 15.2, and “ 87.5% during the Phase 1, Phase 2, and overall periods).
In Exp. 4, no main effects or interactions were observed (P >0.10) for 
ADG, ADFI, or TSAA intake during Phase 1 (Table 5.5). Gaimfeed was 
increased (P < 0.05) in pigs fed 0.072% methionine but decreased (P < 0.09) in 
pigs fed 0.059% cystine during the Phase 1 period. During the Phase 2 and 
overall periods, ADG (P < 0.10), gaimfeed (P <0.10) and TSAA intake (P <
0.05) were increased, but plasma urea N concentration was decreased (P < 
0.01) in pigs fed 0.072% methionine. Similarly in pigs fed 0.059% cystine, TSAA 
intake was increased (P < 0.05) during the Phase 2 and overall periods, but 
plasma urea N concentration was decreased (P < 0.10). During the Phase 2 
and overall periods, gaimfeed was increased in pigs fed methionine and cystine 
independently, but no additive effect was observed when provided together 
(methionine * cystine, P < 0.05). During the Phase 2 and overall periods, ADFI 
was increased when betaine and methionine were fed independently; however, 
when fed together ADFI was not affected (betaine * methionine, P < 0.09).
During Phase 2, TSAA intake was increased in pigs fed betaine and methionine 
independently of one another, but no additive effect was observed when fed 
together (betaine * methionine, P < 0.10).
Within the independent additions of betaine, methionine, or cystine, the 
addition of methionine resulted in the greatest weight gain response. The 
addition of cystine resulted in a weight gain response, that was intermediate 
between the TSAA-deficient diet and the diet with added methionine. During
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Table 5.4. Effect of betaine and methionine addition on growth performance of weanling pigs fed 
________________ a total sulfur amino acid (TSAA) deficient diet (Exp. 3) *________________
Item Betaine, % 0 0 0 .039 .078 Pooled
Methionine. % 0 .05 0.10 0 0 SEM
Phase 1 (0 to 8d)
Daily gain, g 1)0 105 154 150 103 115 14
Daily feed, g d 208 270 243 232 223 21
Gain.feed, g:kge 515 570 616 437 514 42
TSAA intake, g/dM* 1.58 2.19 2.09 1.76 1.70 0.16
Phase 2 (8 to 22d)
Daily gain, g f 333 367 390 365 348 14
Daily feed, g 0 512 539 566 564 555 21
Gain:feed, g:kg •* 653 683 689 649 629 12
TSAA intake, g/df 3.94 4.42 4.93 4.34 4.28 0.17
Overall (0 to 22d)
Daily gain, g ' 251 289 303 270 264 12
Daily feed, g 0 397 441 449 443 434 19
Gain:feed, g:kgw’ 633 659 675 609 607 11
TSAA intake, g/df 3.08 3.61 3.89 3.40 3.34 0.15
Plasma
Urea N. mmol/L"” 2.90 2.03 1.57 3.64 3.10 0.18
* Data are the means of six replicates of five or six pigs per replicate. Average initial and final body weights were 4.9 
and 10.9 kg. The basal diet contained 0.76 or 0.77% TSAA in the Phase 1 and 2 periods, respectively.
b TSAA linear effect (P < 0.05). 
e 0.05% methionine vs. 0.039% betaine effect (P < 0.05). 
d TSAA quadratic effect (P < 0.10).
• 0.05% methionine vs. 0.039% betaine effect (P < 0.10).
1 TSAA linear effect (P < 0.01).
"TSAA linear effect (P< 0.10). 
h 0.05% methionine vs. 0.039% betaine effect (P < 0.01).
1 Betaine quadratic effect (P < 0.01).
Reproduced 
with 
perm
ission 
of the 
copyright ow
ner. 
Further reproduction 
prohibited 
without perm
ission.
Table 5.5. Effect of betaine, methionine, and cystine additions on growth performance of weanling 
_____________ pigs fed a total sulfur amino acid (TSAA) deficient diet (Exp. 4) *_____________
Item Betaine, % 0 0.057 0 0 0 0.057 0.057 0.057
Methionine, % 0 0 0.072 0 0.072 0 0.072 0.072
Cystine, % 0 0 0 0.059 0.059 0.059 0 0.059 SEM
Phase 1 (0 to 7d)
Daily gain, g 128b 189e 193° 153* 176 159 179 166 19
Daily feed, g 227 b 291e 267** 262** 277 269 250 261 25
Gaimfeed, g:kg * 572b 652** 720c 586 b 624 583 725 625 36
TSAA intake, g/d 1.70b 2.18b 2.19 b 2.12b 2.44 2.18 2.05 2.30 0.21
Phase 2 (7 to 21d)
3841,0Daily gain, g f 366 b 38266 402e 401 399 399 397 13
Daily feed, g 8 662** 718° 675** 640 b 689 669 658 659 26
Gaimfeed, g:kg * 552 b 533 b 597e 601e 583 599 605 602 18
TSAA intake, g/dd#B 4.63 b 5.031,6 5.20e 4.88** 5.72 5.08 5.06 5.47 0.20
Overall (0 to 21 d)
310**Daily gain, g 1 286 b 318be 3326 326 319 325 321 13
Daily feed, g 8 517b 576c 539 h® 521** 552 536 522 522 24
Gaimfeed, g:kg ^ 554 b 553b 617e 5951,6 591 597 623 614 16
TSAA intake, g/d" 3.65 b 4.0860 4.19° 4.051,6 4.63 4.12 4.06 4.41 0.19
Plasma
Urea N, mmol/Ldi 2.38 b 2.39b 1.53c 2.02 b 1.44 2.03 1.56 1.52 0.17
* Data are the means of five replicates of five pigs per replicate. Average initial and final body weights were 5.1 and
11.7 kg. The basal diet contained 0.75 and 0.70% TSAA in the Phase 1 and 2 periods, respectively, and it contained 
a 1:1 ratio of methionine.cystine on a percentage basis.
** Compares only the TSAA-deficient diet and the diets containing single additions of betaine, methionine, or cystine. 
Within the selected treatments in a row, means without a common superscript differ (P < 0.10). 
d Methionine effect (P < 0.01).
• Cystine effect (P < 0.05).
1 Methionine effect (P < 0.10).
8 Betaine * methionine effect (P < 0.10).
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Phase 1, the addition of betaine resulted in weight gain equal to that of 
methionine; however, during the Phase 2 and overall periods, the addition of 
betaine resulted in weight gain intermediate between the TSAA-deficient diet 
and the diet with added methionine.
Discussion
The purpose of Exp. 1 was to determine whether betaine could replace a 
portion of dietary methionine; however, the methionine-deficient diet used did 
not respond to methionine addition. Thus, the objective could not be tested. 
However, plasma urea N was decreased in pigs fed betaine, which is in 
agreement with Matthews et al. (1998) who reported a trend for decreased 
serum urea N in finishing pigs fed betaine.
The purpose of Exp. 2 was to develop a TSAA-deficient diet that would 
respond to the addition of methionine. Daily gain, ADFI, and urea N were the 
only response criteria affected in this experiment. Daily gain was decreased or 
tended to be decreased in pigs fed 0.74% TSAA compared with pigs fed higher 
levels of TSAA. Plasma urea N was decreased, but ADFI was increased as the 
level of dietary TSAA was increased. Most of the decrease in plasma urea N 
and ADFI occurred between the lowest (0.74%) and intermediate levels of TSAA 
(0.84%). Although gaimfeed was not affected, numerical increases were 
evident when 0.05% methionine was added to the 0.74% TSAA diet. Thus, the 
0.74% TSAA diet was used in Exp. 3 to test the ability of betaine to replace 
methionine.
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In Exp. 3, the range of TSAA were from 0.76 to 0.86% in the Phase 1 
period and from 0.77 to 0.87% in the Phase 2 period. Although these levels 
were slightly higher than in Exp. 2, the response to methionine addition was 
linear for most response variables, including ADG in the Phase 1, Phase 2, and 
overall periods, and gaimfeed in the Phase 2 and overall periods. The 
responses observed resulting from increasing the level of dietary methionine 
indicate that a response surface was present for evaluating the efficacy of 
betaine to replace a portion of the methionine requirement.
Based on the RBV of ADG with the level of methionine supplementation 
as the independent variable, the results indicated that betaine could replace a 
portion of the methionine requirement. However, the increase in ADG due to 
betaine resulted from an increase in ADFI in pigs fed betaine, with a subsequent 
increase in the level of TSAA intake. To further demonstrate this effect, a 
regression of ADG as a function of TSAA intake using the 0, 0.05, and 0.10% 
methionine levels for each growth period was generated. The treatment means 
for TSAA intake of pigs fed 0.039% betaine were then used to obtain a 
calculated ADG based on their level of TSAA intake. The calculated ADG (121, 
357, and 272 g/d for Phase 1, Phase 2, and overall periods) were then 
compared to actual gains (103, 365, and 270 g/d for Phase 1, Phase 2, and 
overall periods). Difference between calculated and actual ADG (“ 18, 8, “ 2 g for 
Phase 1, Phase 2, and overall periods) should be due to betaine sparing 
methionine. The only positive difference due to betaine was in the Phase 2
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period and this difference was marginal. Thus, based on this experiment, 
betaine did not spare methionine.
Firman and Remus (1999) reported that the response to betaine in 
methionine-deficient diets of chicks was enhanced when methionine was more 
limiting than cystine in the diet. This could indicate that the cystine requirement 
must be met before homocysteine is available for remethylation to methionine 
via betaine. This concept was the basis for Exp. 4, which consisted of 
supplementing betaine, methionine, or cystine in isomolar concentrations to a 
TSAA-deficient diet equally limiting in methionine and cystine.
In Exp. 4, within the independent additions of betaine, methionine, or 
cystine, the addition of methionine resulted in the greatest weight gain response. 
The addition of cystine resulted in a weight gain response intermediate between 
the TSAA-deficient diet and the diet with added methionine, indicating that if 
cystine was deficient in the diet, it was only marginally deficient. The addition of 
betaine resulted in an increase in ADG with a reduction in gaimfeed similar to 
the results in Exp. 3. During the Phase 1 period, this increase in weight gain 
was equal to that of the addition of methionine.
The data in Exp. 4 indicated that when pigs were fed betaine in a TSAA- 
deficient diet, ADFI was increased such that TSAA intake was similar to that of 
pigs fed the methionine-supplemented diet. When either methionine or cystine 
were provided in combination with betaine, ADFI was decreased, indicating that 
betaine may regulate ADFI in relation to the level of TSAA in the diet.
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Campbell et al. (1995) reported that betaine could replace a portion of the 
methionine requirement, provided the methionine requirement for protein 
synthesis was met. Emmert et al. (1998) reported that gain.feed was reduced in 
pigs fed betaine in diets that were marginally deficient in methionine. 
Furthermore, Emmert et al. (1998) indicated that weight gain was not affected; 
however, gain was numerically increased similarly in pigs fed added methionine 
or betaine. The report of Emmert et al. (1998) is consistent with the results of 
our research. In the research of Emmert et al. (1998), initial BW of pigs was 8 to 
10 kg, which is similar to the initial BW of pigs used in our research and growth 
performance was evaluated for a similar period of time. However, Campbell et 
al. (1995) used pigs from 65 to 100 kg BW. Although discrepancies occur 
between our data and those of Campbell et al. (1995) it is unlikely that the age of 
pigs used would affect the ability of betaine to replace methionine.
In poultry, the methionine sparing effect of betaine has been more 
thoroughly researched. Garcia et al. (1999a) reported that betaine provided on 
an isomolar basis to methionine was 64 and 50% bioavailable for ADG in female 
and male chicks, which is similar to the overall data in Exp. 3 of our research. 
Garcia et al. (1999a) also reported that betaine was 67 and 56% bioavailable for 
feed efficiency in female and male chicks, which is not in agreement with our 
results. Schutte et al. (1997) reported that betaine provided a marginal 
improvement in feed efficiency of chicks fed a TSAA-deficient diet, which also is 
in disagreement with our data. Garcia et al. (1999c) reported that betaine 
improved growth in respect to ADG, but only supplemental methionine resulted
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in maximum ADG, and feed conversion was only improved by methionine 
supplementation in chicks, and our data with pigs are in agreement.
Betaine-homocysteine methyltransferase is the enzyme necessary for 
catalyzing the conversion of homocysteine to methionine by transferring the 
methyl group of betaine. Emmert et at. (1998) reported that hepatic BHMT 
activity was only slightly elevated in pigs fed betaine, and they indicated that the 
increase in activity was probably not of any physiological importance. The 
activity o f BHMT has been reported to increase substantially in chicks fed 
methionine-deficient diets and further elevated with supplementation of betaine 
(Emmert et at., 1996). The difference in BHMT activity in pigs vs chicks may 
explain an increased incidence of betaine sparing methionine in chicks. 
Although BHMT activity was not measured in our study, a lack of substantial 
BHMT activity in pigs fed betaine in a methionine-deficient diet (Emmert e ta i,
1998) may explain the absence of a methionine sparing response in our data.
Under conditions of methionine deficiency, supplemental betaine 
increased ADG; however, this response was due to an increased ADFI 
(increased TSAA intake) resulting in a decrease in gaimfeed.
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CHAPTER 6
THE EFFECT OF DIETARY BETAINE AND ENERGY IN CHICKS
Introduction
Recent research has indicated that dietary betaine may improve energy 
utilization. Casarin et al. (1997) reported that pigs fed betaine had improved 
feed efficiency when fed on an ad libitum basis or at 80% of ad libitum, with this 
effect being more pronounced in pigs fed at 80% of ad libitum. Campbell et al. 
(1997b) reported that betaine improved rate and efficiency of gain, and reduced 
the energy requirement for maintenance in pigs fed protein-adequate diets on an 
ad libitum basis, or at energy levels less than ad libitum. Matthews etal. (1998) 
reported that pigs fed betaine tended to have decreased average daily feed 
intake (ADFI), and pigs fed betaine and high-energy diets tended to have 
increased carcass fat. Cromwell etal. (1999) reported that betaine improved 
average daily gain (ADG) and feed efficiency of pigs fed betaine in low-energy 
diets, and that backfat was decreased and percentage lean was increased in 
pigs fed betaine with normal or low-energy diets.
Most of the research concerning betaine in chicks has involved the effects 
of betaine in coccidiosis-infected chicks, or the role of betaine in sparing a 
portion of the methionine requirement (Matthews etal., 1997; Schutte etal.,
1997; Garcia et al., 1999b; Matthews and Southern, 2000). Little, if any, 
research has addressed the independent or interactive effects of betaine and 
energy in chicks. However, Matthews and Southern (2000) reported a
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discrepancy in the response to betaine in two experiments in which energy 
levels differed.
The aforementioned research indicates that betaine may affect the energy 
requirement of pigs, but the interactive effects o f betaine and energy in chicks 
have not been studied. Thus, the purpose of these experiments was to evaluate 
the effects of betaine in chicks fed low dietary energy to determine if betaine 
may improve energy utilization.
Materials and Methods
General
Experiment 1. Two-hundred ten male Hubbard chicks were weighed, 
wing-banded, and randomly allotted on the basis of weight to six treatments in a 
completely randomized design at 1 d post-hatching. Each treatment was 
replicated seven times with five chicks per replicate. Diets (Table 6.1) were 
formulated to meet or exceed the nutrient requirements for the 0 to 21-d-old 
chick (NRC, 1994) with the exception of metabolizable energy. Supplemental 
choline and DL-methionine were added to exceed the choline and sulfur amino 
acid requirements to ensure adequate methyl groups. Average initial weight was 
37 g.
A 2 x 3 factorial arrangement of treatments was used: two levels of 
betaine (0 or 0.075%; Betafin-BCR; Finnsugar Bioproducts, Rolling Meadows, IL 
60008) and three levels of metabolizable energy (2,906, 3,042, or 3,179 kcal/kg) 
by altering the level of corn oil (1.0, 3.5, or 6.0%). Chicks were provided 
continuous light and housed in heated thermostatically-controlled starter
87
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
batteries (Model 2SD24 Brood-Unit; Petersime Incubator Co., Gettysburg, OH 
45328-0808) maintained at 35° C. Chicks had ad libitum access to feed and 
water during the 21-d experimental period.
Experiment 2. Two-hundred ten male Cornish x Plymouth Rock chicks 
were weighed, wing-banded, and randomly allotted on the basis of weight to one 
of six treatments in a completely randomized design at 5 d post-hatching. Each 
treatment was replicated seven times with five chicks per replicate. Diets (Table 
6.1) were formulated to 110% of the lysine requirement, and they met or 
exceeded 105% of the requirement for all other essential amino acids; all other 
nutrients met or exceeded the nutrient requirements for the 0 to 21 d and 21 to 
42 d-old chick (NRC, 1994) with the exception of metabolizable energy. 
Supplemental choline was added to exceed the choline requirement. Chicks 
were provided the 4.0% oil basal starter diet (Table 6.1) during the pretest 
period (0 to 5 d post-hatching). Average initial weight was 70 g.
A 2 x 3 factorial arrangement of treatments was used: two levels of 
betaine (0 or 0.075%) and three levels of metabolizable energy (2,921, 3,013, or 
3,105 kcal/kg from 5 to 21 d post-hatching and 2,916, 3,008, or 3,100 kcal/kg 
from 21 to 42 d post-hatching) by altering the level of corn oil (1.0, 2.5, or 4.0%). 
Chicks were provided continuous light and housed in heated thermostatically- 
controlled starter batteries (Model 2SD24 Brood-Unit; Petersime Incubator Co., 
Gettysburg, OH 45328-0808) maintained at 35°C from 0 to 15 d post-hatching 
then moved into finishing batteries (Model 515 Finishing Unit; Petersime 
Incubator Co., Gettysburg, OH 45328-0808) for the remainder of the experiment
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Table 6.1. Compositions of basal diets, as-fed basis
Exd. 1 Exd.2
Starter Starter Grower
Inaredient Oil level. % 1.0 3.5 6.0 1.0 2.5 4.0 1.0 2.5 4.0
O/.
Corn, 8.8% CP 56.48 53.41 50.34 58.04 56.38 54.64 58.25 56.60 54.95
SBM, 48.5% CP 37.98 38.55 39.12 34.14 34.29 34.43 29.12 29.27 29.41
Wheat midds ... ... ... 2.50 2.50 2.50 8.00 8.00 8.00
Corn oil 1.00 3.50 6.00 1.00 2.50 4.00 1.00 2.50 4.00
Monocalcium phosphate 1.93 1.94 1.95 1.53 1.53 1.54 1.03 1.03 1.04
Oyster shell flour 1.38 1.37 1.37 1.55 1.55 1.55 1.51 1.51 1.50
Salt 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
Vitamin premix 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Mineral premix 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25 0.25
Choline premix 0.07 0.07 0.07 0.03 0.03 0.03 0.02 0.02 0.02
DL-methionine 0.24 0.25 0.25 0.25 0.26 0.26 0.10 0.10 0.11
L-lysine • HCI 0.02 0.01 - 0.04 0.04 0.04 0.04 0.04 0.04
L-threonine
Calculated comDOsition
“ • 0.02 0.02 0.03 0.03 0.03 0.03
Lysine, % 1.29 1.29 1.29 1.21 1.21 1.21 1.10 1.10 1.10
Methionine, % 0.60 0.60 0.60 0.59 0.59 0.59 0.42 0.42 0.42
Methionine + cystine, % 0.97 0.97 0.97 0.95 0.95 0.95 0.76 0.76 0.76
Calcium, % 1.00 1.00 1.00 1.00 1.00 1.00 0.90 0.90 0.90
Available P, % 0.45 0.45 0.45 0.45 0.45 0.45 0.35 0.35 0.35
ME, kcal/kg
n r  —.\:_i_r ____
2,906 3,042 3,179
a—t
2,921
TrtWII IT
3,013 3,105
■ Jirmi i. ..a
2,916 3,008
m II i. _
3,100
■ Provided the following per Kilogram of diet: vitamin A, 4,500 IU; vitamin l)3, 460IU; vitamin t ,  5 0 IU; menadione, 1.5 
mg; thiamine, 13.4 mg; riboflavin, 15.0 mg; niacin, 50 mg; d-pantothenic acid, 18.3 mg; folic acid, 6 mg; d-biotin, 0.6 
mg; vitamin B12, 0.02 mg; pyridoxine, 6.4 mg;
b Provided the following per kilogram of diet: manganese, 60 mg; zinc, 44 mg; iron, 60 mg; copper, 4 mg; iodine, 1.0 
mg; selenium, 0.1 mg; calcium, 723 mg.
'Contains 746 mg choline per gram of premix.
(15 to 42 d post-hatching). Chicks had ad libitum access to feed and water 
during the experimental period.
At trial termination, chicks were killed via carbon dioxide asphyxiation. 
The abdominal fat pad and the breast muscle were removed from two randomly 
selected chicks from each pen and weighed. Abdominal fat pad and breast 
weights were expressed as a percentage of final body weight for analysis. 
Statistical Analysis
Data were analyzed by analysis of variance procedures (Steel and Torrie, 
1980) appropriate for factorially-arranged treatments using the GLM procedure 
of SAS (SAS Inst. Inc., Cary, NC.). The pen of chicks served as the 
experimental unit for all data. Orthogonal single degree of freedom contrasts 
were used to determine the effects of betaine, energy (linear and quadratic), and 
the interactions between betaine and energy.
Results
Experiment 1. Average daily gain, gain:feed, energy intake, and 
gain:energy were increased (linear, P < 0.05), but ADFI was decreased (linear,
P < 0.08) as the level of energy was increased (Table 6.2). Average daily gain 
was decreased (P < 0.09) and ADFI and energy intake tended (P = 0.14) to 
decrease in chicks fed betaine. Gain.feed and gaimenergy were not affected (P 
>0.15) in chicks fed betaine. No interactions (P > 0.10) were observed between 
betaine and energy level.
Experiment 2. During the starter, grower, and overall periods, ADFI was 
decreased (P < 0.02) and gain:feed was increased (P < 0.01) as the level of
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energy was increased (Table 6.3). Energy intake was increased (linear, P < 
0.08) in the starter period as level of energy was increased. Average daily gain 
and gaimenergy were not affected (P >0.10) by energy level in any growth 
period, and energy intake was not affected (P >0.10) by dietary energy level in 
the grower and overall periods. Abdominal fat pad weight was increased (P < 
0.02) as the level of energy was increased, but dietary energy level did not affect 
(P >0.10) breast yield.
Betaine addition decreased (P <0.10) or tended (P = 0.13) to decrease 
energy intake in the starter, grower, and overall periods. Betaine addition 
decreased (P < 0.05) or tended (P = 0.13) to decrease ADFI during the starter 
and grower periods, and betaine tended (P = 0.15) to increase gain:feed during 
the starter period. Betaine addition also increased (P <0.10) or tended (P = 
0.14) to increase gaimenergy during the starter and overall periods. Breast yield 
and abdominal fat pad weight were not affected (P > 0.10) by betaine.
No interactions (P >0.10) were observed between betaine and energy 
during the starter, grower, or overall periods.
Discussion
In both studies, increasing the amount of dietary energy resulted in 
decreased ADFI and increased gaimfeed. In Exp. 1, ADG also was increased as 
the level of dietary energy was increased. Previous research in our laboratory 
has resulted in similar responses to dietary energy level (Johnston and 
Southern, 2000). The linear response to dietary energy indicates that the
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Table 6.2. Effect of dietary betaine and energy on growth performance of chicks from 1 to 21d post-hatching (Exp. 1)"
Betaine. % ME, Mcal/kq P > Fb
Item 0 0.075 SEM 2.9 3.0 3.1 SEM Betaine ME Linear
Daily gain, g 35.37 34.51 0.34 33.10 34.99 36.73 0.42 0.09 0.01
Daily feed, g 50.04 48.62 0.66 50.64 48.83 48.52 0.81 0.14 0.08
Gain.feed, g:kg 708 713 8 655 720 757 10 NS 0.01
Energy intake, kcal/d 152 148 2 147 149 154 2 0.14 0.05
Gain:enerqv. a:Mcal 233 234 3 225 237 238 3 NS 0.01
'  Data are the mean of seven replicates of five chicks per replicate. Average initial and final body weights were 37 and
770 g. Exp = Experiment.
b No significant (NS; P > 0.15) effects were observed for ME quadratic, betaine by ME linear, or betaine by ME 
quadratic.
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Table 6.3. Effect of dietary betaine and energy on growth performance of chicks from 5 to 42 d post-hatching (Exp. 2)"
Item
Betaine, % ME. Mcal/kq P > Fb
0 0.075 SEM 2.9 3.0 3.1 SEM Betaine ME Linear
Starter (5 to21d)
Daily gain, g 37.02 36.98 0.40 36.79 37.12 37.09 0.49 NS NS
Daily feed, g 52.87 51.76 0.37 53.27 52.43 51.24 0.46 0.05 0.01
Gain:feed, g:kg 701 715 7 691 709 724 8 0.15 0.01
Energy intake, kcal/d 159 156 1 156 158 159 1 0.05 0.08
Gaimenergy, g:Mcal 233 237 2 237 235 233 3 0.14 NS
Grower (21 to 42d)
Daily gain, g 76.50 75.65 0.89 75.00 76.37 76.85 1.09 NS NS
Daily feed, g 143.36 139.42 1.78 144.56 142.88 136.73 2.18 0.13 0.02
Gaimfeed, g:kg 535 543 5 519 535 563 6 NS 0.01
Energy intake, kcal/d 431 419 5 422 430 424 7 0.13 NS
Gaimenergy, g.Mcal 178 181 2 178 178 181 2 NS NS
Overall (5 to 42d)
Daily gain, g 59.61 59.07 0.57 58.51 59.63 59.88 0.70 NS NS
Daily feed, g 102.16 100.36 1.20 104.13 102.03 98.62 1.47 NS 0.01
Gaimfeed, g:kg 585 590 6 562 586 615 8 NS 0.01
Energy intake, kcal/d 313 305 3 307 312 309 4 0.09 NS
Gaimenergy, g:Mcal 190 194 1 191 191 194 2 0.10 NS
Abdominal fat pad, %c 0.95 0.90 0.05 0.81 0.93 1.04 0.07 NS 0.02
Breast yield, %e 15.53 15.84 0.22 15.93 15.63 15.50 0.27 NS NS
<o
(a)
* Data are the mean of seven replicates of five chicks per replicate. Average initial and final body weights were 70 and 
2265 g. Exp. = Experiment.
b No significant (NS; P > 0.10) effects were observed for ME quadratic, betaine by ME linear, or betaine by ME 
quadratic, thus, they are not included in the table.
c Breast yield and abdominal fat pad weight are expressed as a percentage of final body weight.
protocol used was sufficient for determining if betaine has a energy-conserving 
effect in chicks.
The purpose of this research was to determine if betaine improves energy 
utilization in chicks. The results of Exp. 1 indicate that betaine had no effect on 
energy utilization. Average daily gain was decreased, but gaimfeed was not 
affected by betaine. The absence of a change in gaimfeed indicates that the 
reduction in ADG was due to a trend for reduction in ADFI in chicks fed betaine.
In Exp. 2, however, the results indicate that betaine may improve energy 
utilization. The overall data indicate that chicks fed betaine had a 2.9% 
reduction in energy intake with a 2.1% increase in the conversion of energy to 
weight gain. Campbell et at. (1997b) reported that betaine improved rate and 
efficiency of gain, and reduced the energy requirement for maintenance o f pigs. 
Our data from Exp. 2 are somewhat in agreement, in that chicks fed betaine had 
more weight gain per unit of energy consumed; however, the rate of gain was 
not affected and efficiency of gain was only numerically improved.
Casarin et at. (1997) and Cromwell et at. (1999) reported that pigs fed 
betaine had decreased backfat thickness but increased percentage lean in pigs 
fed normal or reduced levels of energy. Matthews et at. (1998) reported that 
betaine tended to increase fat measurements in pigs fed high-energy diets, but 
not in pigs fed low-energy diets. Campbell et al. (1997b) reported that betaine 
increased fat deposition of pigs. Our data indicate that betaine had no affect on 
carcass lean or fat of chicks as assessed by breast yield or abdominal fat pad 
weight.
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Although the responses to betaine were small in Exp. 2, they are not in 
agreement with the results of Exp. 1. Major differences between these two 
studies included: type of diet (com-soybean meal vs corn-soybean meal-wheat 
middling), and breed of chick.
Cromwell et al. (1999) reported that ADG and feed efficiency were 
improved in pigs fed betaine and reduced energy, more so in low-energy diets 
containing wheat middlings as opposed to a typical com-soybean meal diet. 
Similarly, our data indicate that energy efficiency was improved in Exp. 2 in diets 
containing wheat middlings; however, in Exp. 1 a com-soybean meal diet was 
used, and betaine did not improve energy efficiency.
Very little research has assessed the effect of betaine in different breeds 
of chicks. Garcia et al. (1999b) indicated no effect of breed (Arbor Acres Classic 
vs High Yield) on subsequent response of chicks to betaine. Hubbard chicks 
were used in Exp. 1 and Cornish x Plymouth Rock were used in Exp. 2. The 
difference in breed of chick could explain the discrepancy in the results of these 
two experiments, but this is unlikely.
In conclusion, the response of betaine in reduced energy diets was small 
and inconsistent within the two experimental protocols used.
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CHAPTER 7 
SUMMARY AND CONCLUSIONS 
The addition of 0.250% betaine to the diet of finishing pigs was 
inconsistent in improving growth and carcass quality. The most consistent 
effects of betaine were in the pork quality data. Betaine consistently increased 
pH of pork. Furthermore, betaine may be used to improve fresh pork quality 
regardless of pen spacing or pre-slaughter handling. The improvements 
observed for drip loss alone may be adequate to justify the use of betaine 
considering that most of the literature indicates that betaine has either a positive 
or no effect on carcass traits. However, unless incentive-based programs for 
pork quality are implemented to benefit producers, only meat packers will benefit 
from the improvement in quality of pigs fed betaine.
In weanling pigs, betaine improved growth performance in the presence of 
excess Zn, but it decreased performance in the absence of excess Zn. This 
effect was most pronounced during the first 2 wk post-weaning. The use of 
excess dietary Zn in weanling pig diets is a common practice because it 
consistently improves growth performance. Thus, this research indicates that 
supplementation with betaine in combination with excess Zn would be beneficial. 
Although betaine increased average daily gain (ADG) in weanling pigs fed 
methionine-deficient diets, the use of betaine to replace a portion of methionine 
in the diet of weanling pigs is not beneficial because feed efficiency is 
decreased. However, the data indicate that betaine increases average daily 
feed intake (ADFI) when pigs are fed diets deficient in methionine.
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In chickens, the effects'of betaine on energy utilization were inconsistent. 
In one experiment, betaine decreased ADG and ADFI in chicks from 0 to 21 d 
post-hatching. However, in a similar experiment, betaine decreased energy 
intake and increased the amount of weight gain per unit of energy consumed. 
Thus, in chickens, the effect of betaine in improving energy utilization was 
minimal and inconsistent.
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APPENDIX: ABBREVIATIONS
ADFI = average daily feed intake
ADG = average daily gain
APS = adequate pen spacing
BHMT = betaine-homocysteine methyltransferase
IPS = inadequate pen spacing
ME = metabolizable energy
MSH = minimal slaughter handling
NEFA = non-esterified fatty acids
NSH = normal slaughter handling
RBV = relative bioavailability value
SAM = S-adenosylmethionine
TOBEC = total body electrical conductivity
TSAA = total sulfur amino acids
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